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ABSTRACT OF DISSERTATION 
MICROALGAE AND ZINC SOURCE SUPPLEMENTATION OF BROILER 
BREEDER DIETS AFFECTS BROILER BREEDER SKELETAL DEVELOPMENT 
AND REPRODUCTION WITH TRANSGENERATIONAL IMPACTS ON 
OFFSPRING PERFORMANCE AND SKELETAL CHARACTERISTICS 
Leg problems and disorders are of major concern for the poultry industry and animal 
welfare.  Previous studies suggest that it may be possible to improve skeletal characteristics 
through nutrition.  Omega-3 fatty acids, including Docosahexaenoic acid (DHA), are 
essential nutrients and are known to play an important role in bone tissue development.  
FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell microalgae (Aurantiochytrium 
limacinum CCAP 4087/2) that contains 64% fat and 16% DHA.  Zinc (Zn) is a trace 
element and essential nutrient for growth and skeletal development.  Bioplex® Zn (Alltech, 
Inc.) is a Zn proteinate that has been shown to be more bioavailable to broiler chickens 
compared to inorganic sources of Zn. One objective of this research was to investigate the 
effects of 2 dietary levels of FORPLUS™ (0% vs. 2%) and 2 dietary Zn sources (ZnO vs. 
Bioplex® Zn) on skeletal characteristics and reproduction of broiler breeders.  Breeders 
were maintained on these diets throughout the entire pullet and layer phases.  Subsequent 
studies were conducted to evaluate the effect of breeder diet and offspring dietary Zn 
sources (ZnO vs. Bioplex® Zn) and microalgae supplementation (0% vs. 1%) on offspring 
performance and skeletal characteristics.  During the broiler breeder pullet phase, dietary 
supplementation of 2% FORPLUS™ increased (P<0.05) femur ash content and length.  
Pullet uniformity was in increased (P<0.05) by Bioplex® Zn vs ZnO when microalgae was 
not included in the diet.  Hen day production (HDP) was increased (P<0.05) by ZnO vs. 
Bioplex® Zn supplementation during post-peak lay.  During post-peak lay, hatchability and 
hatch of fertile eggs were improved (P<0.05) by dietary supplementation of 2% 
FORPLUS™ or Bioplex® Zn in breeder diets, however egg weight, egg yolk weight, 
offspring hatch weight, and offspring body weight gain (BWG) significantly were 
decreased (P<0.05) by 2% FORPLUS™.   Bioplex® Zn in breeder diets increased (P<0.05) 
growth plate zone heights, bone-specific alkaline phosphatase enzyme activity, and 
dimensions of offspring bones at hatch.  At 3 weeks of age, offspring from breeders fed 
Bioplex® Zn during peak-lay had greater (P<0.05) Zn content in tibia ash and bone 
dimensions, while offspring from breeders fed 2% FORPLUS™ vs. 0% FORPLUS™ had 
longer (P<0.05) femurs.  No interaction effect of breeder diet and offspring diet on early 
performance was observed.  Offspring fed diets containing Bioplex® Zn vs. ZnO had 
greater (P<0.05) body weight (BW) and tibia dimensions at 3 wk of age.  Offspring fed 
diets containing 1% FORPLUS™ had decreased feed conversion (feed intake: BWG), but 
no main effects were observed on skeletal characteristics.  Overall, dietary microalgae 
supplementation in broiler breeder diets improved early bone development in broiler 
breeders, early bone development in broiler breeder offspring, and hatchability of offspring 
during post-peak lay, while  Bioplex® Zn supplementation in broiler breeder diets improved 
broiler breeder pullet uniformity, offspring hatchability during post-peak lay, embryonic 
skeletal development of offspring, and offspring bone quality.  Bioplex® Zn in offspring 
diets also improved offspring early growth performance and leg bone morphology.   
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OVERVIEW OF RESEARCH 
1 
CHAPTER 1.  LITERATURE REVIEW 
1.1 Introduction: Leg problems in the broiler industry 
Leg weakness and lameness as a result of skeletal leg disorders and deformities are 
issues that cause concern for animal welfare and negatively affect the poultry industry.  
According to the European Food Safety Authority (EFSA) (2010), leg weakness is ‘a 
condition where the legs (including joints, bones, muscles, tendons etc.) are affected and 
may predispose to lameness’, whereas lameness is defined as ‘an abnormal gait [that] may 
or may not involve pain’.  Previous reviewers of leg weakness and lameness in broiler 
chickens (Butterworth, 1999; Bradshaw et al., 2002) have also distinguished that leg 
weakness is a broad term that describes impaired walking ability and lameness is a true 
disability or defect in a limb.  Both conditions can be caused by an infectious origin or a 
non-infectious origin such as developmental and degenerative disorders.  Non-infectious 
developmental and degenerative disorders result from a variety of causes, but the most 
common causes are genetic selection, metabolic disorders with a nutritional basis, living 
environment, exercise, and toxins (Cook, 2000; Bradshaw et al., 2002).  Examples of 
common skeletal leg disorders and deformities in broilers include, but are not limited to, 
bacterial chondronecrosis with osteomyelitis (BCO), tibia dyschondroplasia (TD), valgus 
varus deformation (VVD), twisted leg, rickets, and chondrodystrophy. 
Skeletal leg disorders and deformities pose a welfare concern because they may 
cause pain and impair a bird’s ability to walk, thereby disrupting normal eating and 
drinking habits and behaviors (Kestin et al., 1992; Bradshaw et al., 2002; Dinev, 2009; 
Nääs et al., 2009).  Broilers that are lame may have their well-being further compromised 
by developing contact dermatitis, e.g. hock burn, from prolonged exposure to poor quality 
litter (Kestin et al., 1992; Bassler et al., 2013; Gocsik et al., 2017; Granquist et al., 2019).  
Gait scoring is a method commonly used to measure broiler welfare, evaluate the walking 
capacity of broilers, and measure lameness (FAO, 2014).  Modeled after a gait scoring 
method for turkeys and developed by Kestin and colleagues (1992), the Bristol Gait 
Scoring System is a six-point, subjective scale for measuring lameness in broilers (Table 
1.1).  Using Kestin’s six-point scale of 0 to 5 (normal to immobile), broilers with gait scores 
≥ 3 are generally classified as lame with scores of 3 indicating moderate lameness and 
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scores of 4-5 indicating severe lameness.  The European Food Safety Authority Panel on 
Animal Health and Welfare and the Royal Society for the Prevention of Cruelty for 
Animals  recognizes broilers with a gait score of 4 or 5 are more likely to experience pain 
and should be humanely euthanized (EFSA Panel on Animal Health Welfare, 2010; FAO, 
2014).  Although the Bristol Gait Scoring System can be used to classify the severity of 
lameness in broilers, it cannot be used to identify the cause of the lameness.  
 
 
Table 1.1 The Bristol Gait Scoring System (Kestin et al., 1992) 
Gait score 0 The bird walked normally without detectable abnormality; it was 
dexterous and agile. 
Gait score 1 The bird had a slightly defective (uneven) gait that may preclude its 
use for breeding; it may take unduly large strides. 
Gait score 2 The bird had a definitive, defective gait, but was still able to move 
and compete for resources; it may be lame in one leg that results in a 
rolling gait. 
Maneuverability, acceleration, speed not seriously compromised 
Gait score 3 The bird had an obvious gait defect that affected its ability to move 
freely; it may limp, walk with a jerk or unsteady strut, have a severe 
splaying of one leg. 
The bird prefers to squat when not coerced to move. 
Maneuverability, acceleration, speed affected 
Gait score 4 The bird had a severe gait defect; it can walk with difficulty only 
when strongly motivated. 
The bird prefers to squat given the opportunity. 
Maneuverability, acceleration, speed severely affected 
Gait score 5 The bird was incapable of sustained walking; may be able to stand, 
but locomotion was only achieved by crawling on shanks or 
assistance of wings. 
 
 
Leg weakness and lameness has a negative economic impact on the broiler industry.  
Based on a brief literature review of incidence of lameness in European commercial broiler 
flocks during the past decade, it is estimated that lameness affects an average of 21.4% of 
broiler flocks and approximately 3.0% of broilers may need to be culled due to severe 
lameness (Table 1.2).  Consequences of moderate to severe lameness in broilers are lower 
growth rates, culling, processing downgrades, and ultimately profit losses (Bradshaw et al., 
2002; Knowles et al., 2008; Dinev, 2009; Gocsik et al., 2017; Wijesurendra et al., 2017).  
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In the United States there is a lack of recent, comprehensive studies on the incidence of 
lameness in broilers, although it has been claimed that up to 6% of broilers have obvious 
skeletal abnormalities or leg problems and 2% of broiler flocks suffer losses due to 
lameness (Dunkley, 2007; Mitchell, 2014).  Discrete binary analysis of leg problems in 
U.S. commercial broiler flocks revealed roughly 33-50% of all broilers suffer some sort of 
leg problem whether subclinical or severe (Rekaya et al., 2013; González-Cerón et al., 
2015).  Over two decades ago, the estimated annual loss to the U.S. broiler industry due to 
skeletal problems was $80-120 million (Sullivan, 1994; Cook, 2000; Bradshaw et al., 
2002).  However, the extent of the present worldwide economic impact is difficult to 
estimate due the sparsity of recent comprehensive studies on incidence of lameness in 
broilers and wide variation of leg problems reported by different sources (Knowles et al., 
2008; Kapell et al., 2012; Bassler et al., 2013; Marchewka et al., 2013; Rekaya et al., 2013; 
Mitchell, 2014; González-Cerón et al., 2015; Gocsik et al., 2017).  Nonetheless, reducing 
skeletal leg problems in broilers has been noted as a high priority by the U.S. Poultry & 
Egg Association (2018), the European Food Safety Authority, and the International 
Finance Corporation (FAO, 2014).   
Poultry meat is relatively inexpensive, highly produced, and the most consumed 
animal protein worldwide (OECD/FAO, 2019).  Over the years, the global broiler industry 
has expanded in production and vertical integration in response to consumer demand.  
Broiler production has also become more efficient due to genetic selection for improved 
growth rate, feed conversion (FC), meat yields and feed formulation (Havenstein et al., 
2003; Zuidhof et al., 2014).  Statistics on U.S. broiler performance from the National 
Chicken Council (2019a) indicate that market weight of broilers continues to increase over 
time, which supports a previous report highlighting a shift towards the production of 
heavier broilers (USDA, 2012).         
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Table 1.2 Incidence of lameness in European commercial broiler flocks 
Evaluation 
period 
Location 
No. of 
flocks 
evaluated 
Head/flock 
No. of 
birds 
evaluated 
1Incidence of 
lameness, % 
2Incidence of 
severe 
lameness, % 
BW at 
evaluation, kg 
Age at 
evaluation, 
days 
Reference 
2007 – 2009 France, 
United 
Kingdom, 
Netherlands, 
Italy 
 
89 20,100 22,250 
(250/flock) 
15.6 Not reported 1.93 39 Bassler et 
al., 2013 
April – May, 
2012 
Northern 
Spain 
6 13,220 – 
27,540 
150 
(25/flock) 
24.2 4.22 1.85 (estimated) 31-35 Marchewka 
et al., 2013 
18 months Norway 59 16,566 5,900 
(100/flock) 
24.9 2.15 1.25  
(carcass weight) 
29 Kittlesen et 
al., 2017 
January 
2014 – 
October 
2015 
2 northern, 2 
southern 
European 
countries 
(undisclosed) 
18 Not 
reported 
Not 
reported 
23.3 Not reported Not reported 21, 28, 35 Tullo et al., 
2017 
January – 
March, 2015 
Norway 50 17,391 7,500 
(150/flock) 
19.0 3.00 1.86 29 Granquist 
et al., 2019 
1Incidence of lameness was determined using the Bristol Gait Scoring System (Kestin et al., 1992) with lameness indicated by gait score ≥ 3, except for 
results referenced by Marchewka et al., (2013) where lameness was indicated by gait score ≥ 2. 
2Incidence of severe lameness was determined using the Bristol Gait Scoring System (Kestin et al., 1992) with severe lameness indicated by gait scores of 4 
and 5, except for results referenced by Marchewka et al., (2013) where severe lameness was indicated by immobility. 
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Some researchers have indicated that broiler skeletal leg disorders are a 
consequence of genetic selection towards rapid growth and greater meat yields (Havenstein 
et al., 1994; Lilburn, 1994; Rath et al., 2000; Kestin et al., 2001; Zuidhof et al., 2014).   One 
explanation of the impact of genetic selection on skeletal disorders is that the leg bones do 
not develop at the same pace as the broiler accrues body weight (BW) and cannot support 
the weight the broiler has been bred to gain (Kestin et al., 2001).  Research by Paxton et 
al. (2014) determined that in broilers the tibia grows isometrically with body mass while 
the femur has slightly negative allometric growth with regard to body mass.  They also 
observed a shift of whole body center of mass from a caudodorsal position to a craniodorsal 
position, which is a direct reflection of pectoral muscle mass accumulation.  Hindlimb 
development, especially in the thigh and foot, appeared to accommodate for this shift in 
mass.  Other research has demonstrated that although modern broiler strains have improved 
BW, FC, and breast yields they have significantly lower leg yields compared to broiler 
strains that remained unselected for such attributes (Zuidhof et al., 2014).  In fact, leg 
problems are more commonly observed in modern, fast-growing broiler strains compared 
to slower-growing broiler strains of the past (Havenstein et al., 1994; Kestin et al., 2001; 
Waldenstedt, 2006; Shim et al., 2012).  
 
1.2 Skeletal leg development in broilers 
The skeleton provides structural support for the body, locomotion, protection of 
organs, a source of mineral and triglyceride storage, and is the site of hematopoiesis 
(Tortora and Petti, 2002).  In avian species bones can be classified as pneumatic or 
medullary.  Pneumatic bone refers to bone that has reduced amount of bone marrow and 
are connected to the respiratory system.  Pneumatic bone is lighter and aids in flight.  This 
includes the bones of the pelvic girdle, the keel, some bones of the wing, and vertebrae.  
Medullary bones have more bone marrow and have larger reserves of nutrients.  These 
bones include the ribs, ulna, scapula, as well as bones in the legs and feet (Jacob and 
Pescatore, 2013).  
The femur and tibia are medullary bones found in the leg and considered part of the 
appendicular skeleton.  They are also considered as long bones because they are longer 
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than they are wide.  They are hard and dense and have common structural parts (Figure 
1.1) (Tortora and Petti, 2002).  The epiphyses are the widened ends of the bone.  The 
diaphysis is the shaft of the bone.  The metaphysis is located between the epiphysis and 
diaphysis and it contains the epiphyseal growth plate.  The medullary cavity located in the 
diaphysis is where bone marrow exists.  The epiphysis and metaphysis contains more 
trabecular bone which is more porous and has higher resistance to strain than cortical bone 
found in the diaphysis (Howlett, 1980; Xu et al., 1995; Villemure and Stokes, 2009; Hart 
et al., 2017).  
  
 
Figure 1.1 Structure of long bones 
 
Copyright © Marquisha A. Paul 2019 
 
 
 
During broiler chick embryonic development, osteogenesis for the femur and tibia 
begins in the egg around embryonic day 5 (Bellairs and Osmond, 2005).  These bones form 
through a process called endochondral ossification.  Endochondral ossification is the 
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replacement of cartilage by bone. All connective tissue, including cartilage, comes from 
embryonic mesenchyme.  During embryonic growth, mesenchymal cells come together 
and then differentiate into cartilage cells called chondroblasts.  The chondroblasts produce 
a collagen matrix and form a hyaline cartilage model of bone that will be formed.  Once 
embedded deeply into the cartilage matrix the chondroblasts are referred to as chondrocytes 
(Tortora and Petti, 2002).   
Perichondrium, a membrane, forms around the around the cartilage model where it 
is not already covered by articular cartilage.  The hyaline cartilage model grows through 
interstitial and appositional growth.  In interstitial growth the cartilage model grows in 
length through chondrocyte proliferation.  In appositional growth the cartilage model 
grows in width through chondroblast deposition of cartilage matrix.  Chondrocytes then 
differentiate into hypertrophic cells and calcification of the cartilage matrix begins (Tortora 
and Petti, 2002).   
A primary center of ossification forms through a series of events occurring in the 
hyaline cartilage model.  Vascularization of the perichondrium at the midregion of the 
cartilage model induces the transition of the perichondrium to periosteum, dense irregular 
connective tissue.  During vascularization of the perichondrium, the osteogenic cells 
produced there differentiate into osteoblasts.  Osteoblasts are the cells that form bone 
through bone matrix synthesis and secretion and by inducing calcification.  They create a 
subperiosteal bone collar.  The periosteum prevents nutrients from reaching the 
chondrocytes at the midregion of the hyaline cartilage causing them to die and degenerate 
(Gartner and Hiatt, 2001; Tortora and Petti, 2002). 
  Osteoclasts are large cells derived from white blood cells that release enzymes 
and acids capable of digesting the protein and mineral component of bone matrix.  
Osteoclasts breakdown the subperiosteal collar and allow capillaries, other osteocytes 
osteoblasts, osteogenic cells, and red bone marrow cells to infiltrate the hyaline cartilage.  
The collection of capillaries and associated cells are known as the periosteal bud.  The 
periosteal bud begins infiltrating openings left by degenerated chondrocytes in the hyaline 
cartilage and becomes the site of primary ossification.  Osteoblasts at the primary 
ossification center secrete bone matrix over the calcified cartilage to form spongy bone 
trabecula that grows towards the epiphysis.  As the bone collar and trabecula grow, 
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osteoclasts break down trabecula to form the bone marrow cavity.  The cavity then fills 
with red bone marrow (Gartner and Hiatt, 2001; Tortora and Petti, 2002). 
A secondary ossification center develops when capillaries invade the epiphysis of 
the bone.  Osteoblasts form spongy bone trabecula at the epiphysis but there is no formation 
of a bone collar or bone marrow cavity at this site.  Hyaline cartilage covering the epiphysis 
becomes articular cartilage and other remaining hyaline cartilage between the epiphysis 
and diaphysis forms the epiphyseal growth plate (Gartner and Hiatt, 2001; Tortora and 
Petti, 2002). 
The epiphyseal growth plates drive long bone elongation during embryonic and 
post-hatch growth.  In birds, the proximal end of the leg bones elongates faster and have 
thicker growth plates than the distal end.  The avian growth plate is also known to have 
higher cell turnover and is thicker than the mammalian growth plate (Pines and Hurwitz, 
1991; Wideman and Prisby, 2013).  The rate of long bone elongation depends on the rate 
of chondrocyte proliferation, rate of hypertrophy, and rate matrix synthesis and degradation 
in the epiphyseal growth plate (Pines and Hurwitz, 1991; Villemure and Stokes, 2009).  
Chondrocytes also synthesize the collagen and proteoglycan matrix of cartilage which 
provides elasticity and mechanical loading support for bone tissue (Viguet-Carrin et al., 
2006).     
The epiphyseal growth plate can be organized into zones depending on chondrocyte 
morphology and activity (Figure 1.2).  At the top of the epiphyseal growth plate is a layer 
of small, quiescent progenitor chondrocytes that form the resting zone.  When stimulated 
they differentiate into highly proliferating, flattened stacks of chondrocytes and form the 
proliferative zone.  The proliferative chondrocytes differentiate into larger, hypertrophic 
cells which secrete more collagen and extracellular matrix products than their progenitors.  
These cells make up the hypertrophic zone.  At the end of the hypertrophic zone the 
chondrocytes undergo apoptosis and become calcified (Pines and Hurwitz, 1991; 
Villemure and Stokes, 2009). The calcified cartilage is removed by osteoclasts and 
replaced with bone matrix by osteoblasts as part of endochondral ossification (Tortora and 
Petti, 2002).                             
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Figure 1.2 Epiphyseal growth plate zones of one day old broiler chick 
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 The bone grows in width through appositional growth.  In this process osteoblasts 
form new bone matrix along the periosteum of the diaphysis.  The osteoblasts form a ridge 
around a periosteal capillary and eventually form a layer of bone tissue around the 
capillary.  This enclosed capillary has an inner membrane lining called endosteum.  A thin 
concentric layer, or lamellae, of bone tissue is added by osteoblasts between the endosteum 
and capillary forming an osteon.  Bone width increases as osteoblasts create new osteons.  
The osteoblasts differentiate into osteocytes, which are the mature bone cells that become 
lodged in the bone matrix and no long secrete bone matrix molecules.  Osteoblasts that 
mature and become lodged in bone matrix become osteocytes (Tortora and Petti, 2002). 
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 Bone is continually remodeled during growth and after.  Bone remodeling involves 
the replacement of old bone tissue with new bone tissue in response to mechanical stress, 
injury, cell death, and need for nutrient reserves.  Osteoclasts are the cells that drive bone 
resorption through the breakdown of bone matrix and release of minerals, while the 
osteoblasts form new bone matrix and deposit minerals (Tortora and Petti, 2002).  Nutrition 
and hormone signaling play large roles in bone growth and bone remodeling.  Insulin, 
growth hormone, and estrogen are three major systemic hormones that regulate bone 
formation, while Vitamin D3, parathyroid hormone (PTH), thyroid hormone, and 
glucocorticoids regulate bone resorption (Pines and Hurwitz, 1991; Watkins et al., 2001a).   
      
1.3 Broiler skeletal leg disorders and deformities  
Many of the skeletal leg disorders and deformities that occur in broilers originate 
in the growth plates of the bones.  The disorders or deformities are commonly observed at 
hatch and during the growing and finisher phase.  However, most skeletal leg disorders and 
deformities most likely develop during early life (Thorp, 1994; Bradshaw et al., 2002; 
Angel, 2007; Yalcin et al., 2007; Kittelsen et al., 2015; Wijesurendra et al., 2017). 
 
1.3.1 Bacterial chondronecrosis with osteomyelitis  
Research indicates that Bacterial chondronecrosis with osteomyelitis (BCO) is the 
most common cause of lameness and leg pathologies in broilers (Butterworth, 1999; 
Walker, 2001; Bradshaw et al., 2002; Dinev, 2009; Wideman and Pevzner, 2012; Wideman 
and Prisby, 2013; Kittelsen et al., 2015; Wijesurendra et al., 2017).  Molecular surveys of 
infectious BCO indicates it is mainly caused by Staphylococcus agnetis (Al-Rubaye et al., 
2015; Jiang et al., 2015) and can spread horizontally (Al-Rubaye et al., 2016).  Other 
research has revealed BCO can also be caused by Enterococcus cecorum (Stalker et al., 
2010) and Escherichia coli (Bradshaw et al., 2002; Dinev, 2009; Wijesurendra et al., 2017). 
BCO is sometimes referred to as Femoral Head Necrosis (FHN) due to gross lesions 
detectable on the proximal femur caused by localized bacterial chondronecrosis in the 
growth plate (Butterworth, 1999; Bradshaw et al., 2002).  The lesions can also occur on 
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the proximal tibia making FHN an inappropriate term (Butterworth, 1999).  Other clinical 
signs of BCO are bacterial infection of the metaphysis (osteomyelitis), detached epiphyses, 
detached articular cartilage, fracture in the femoral neck, or femur head degeneration 
(Thorp, 1994; Bradshaw et al., 2002; Wideman, 2016).  BCO has also been shown to be 
exasperated by mechanical stress (Wideman, 2016).  FHN can also have a non-infectious 
etiology due to poor bone mineralization (Cook, 2000), although most cases are due to 
bacterial infection (Butterworth, 1999).  Clinical signs of non-infectious FHN are 
lameness, poor calcification of the proximal femur or a completely eroded femur head 
(Cook, 2000).  FHN can also be preceded by osteochondrosis, a degeneration of the growth 
plate and epiphysis (Bradshaw et al., 2002; Wideman and Prisby, 2013).  Osteochondrosis 
can also occur in response to trauma to the growth plate.  In osteochondrosis localized 
thickening of the growth plate with pre-hypertrophic chondrocytes or clefts in the growth 
plate are observed.  However, most cases of osteochondrosis are subclinical.          
    
1.3.2 Tibia dyschondroplasia 
In broilers, Tibia dyschondroplasia (TD) is recognized as a developmental disorder 
or deformity.  It can be caused by a variety of reasons including improper nutrition (Angel, 
2007; Leach and Monsonego-Ornan, 2007), exposure to certain mycotoxins or pesticides 
(Butterworth, 1999; Leach and Monsonego-Ornan, 2007; Rath et al., 2007), genetics 
(Cook, 2000; Bradshaw et al., 2002), or biomechanical stress (Thorp, 1994).  This 
pathology is described by an accumulation of avascular cartilage in the growth plate (Leach 
and Monsonego-Ornan, 2007) that takes on the appearance of a white plug.  This disorder 
commonly occurs in the proximal tibia due to failure of pre-hypertrophic chondrocytes in 
the growth plate to differentiate and undergo normal hypertrophy, insufficient vascular 
development of the growth plate, or damage to the growth plate due to biomechanical 
forces (Thorp, 1994; Bradshaw et al., 2002; Huang et al., 2018).  As a result, the pre-
hypertrophic chondrocytes become apoptotic or even necrotic in severe cases.   Other signs 
of TD in broilers are fractures in the growth plate, poorly mineralized growth plate, an 
abnormal tibia plateau angle, and angular deformities of the bone (Bradshaw et al., 2002).  
Depending on the severity of TD in broilers, they may experience leg weakness or become 
lame.      
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1.3.3 Valgus varus deformation and twisted leg 
Common long bone angular deformities and distortions in broilers leg bones are 
Valgus varus deformation (VVD) and twisted leg, respectively (Cook, 2000; Angel, 2007).  
Genetics, exercise, growth rate, and nutrition have been implicated as factors that 
contribute to VVD and twisted leg (Butterworth, 1999), although these deformations are 
still observed in broiler flocks provided proper nutrition (Cook, 2000; Angel, 2007).  
Ossification of the bone may appear normal despite distortion in bone shape or structure 
(Bradshaw et al., 2002).   
As reviewed by Bradshaw et al. (2002), VVD is commonly observed in the distal 
tibiotarsus, but can also occur in the proximal tarsometatarsus.  Angular deformities have 
also been observed in the femur (Thorp, 1994).  In VVD the long bones in the legs may 
deviate laterally or medially at an abnormal angle of 10-20 degrees or greater (Bradshaw 
et al., 2002; Rekaya et al., 2013; González-Cerón et al., 2015).  Other signs of VVD include 
bone fracture, separation of condyle from the bone shaft, displaced tendons, and dislocated 
intertarsal joint (Bradshaw et al., 2002).  This angulation may be caused by pressure on the 
growth plate that interferes with metaphyseal blood supply to the growth plate and 
chondrocyte maturation or disproportionate hypertrophy of chondrocytes on one side of 
the growth plate in response to biomechanical forces.  VVD may also be due to some defect 
in appositional bone modelling (Thorp, 1994; Bradshaw et al., 2002).  Other research 
indicates VVD may be genetically associated with TD (Kapell et al., 2012; González-
Cerón et al., 2015), and has been speculated to be a consequence of TD in some cases 
(Bradshaw et al., 2002).   
If the distal tibiotarsus has an abnormal lateral deviation or the tarsometatarsus has 
an abnormal medial deviation it is referred to as a valgus deformation.  This type of angular 
deformation results in a “knock-kneed” appearance.  If the distal tibiotarsus has an 
abnormal medial deviation or the proximal tarsometatarsus has a lateral deviation it is 
referred to as a varus deformation that may have a “bow-legged” appearance (Randall and 
Mills, 1981; Cook, 2000; Bradshaw et al., 2002; Rekaya et al., 2013).  The right leg has 
been cited as more susceptible to VVD with higher incidences of valgus deformities 
observed than varus deformities (Thorp, 1994; Cook, 2000; Bradshaw et al., 2002; 
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González-Cerón et al., 2015).  It has been speculated that incidence of VVD in the right 
leg is linked to limb dominance but that relationship has not been established (Shim et al., 
2012).         
Twisted leg is a developmental issue also referred to as rotated tibia.  This deformity 
is characterized by abnormal rotation of the bone shaft.  This may be evident as a 90 degree 
external rotation of the bone shaft or a 180 degree rotation in which the foot faces 
backwards (Bradshaw et al., 2002).  This long bone distortion may have a genetic or 
metabolic origin.  Unlike VVD, there is no apparent angulation of the bone, but there is 
deformation of the growth plate which may be worsened by biomechanical forces 
(Bradshaw et al., 2002).  Both VVD and twisted leg can affect broiler gait and lead to 
lameness in severe cases (Cook, 2000; Bradshaw et al., 2002; Angel, 2007).                   
 
1.3.4 Rickets 
Rickets is largely a metabolic disorder that is caused when the organic bone matrix 
fails to mineralize properly although a genetic factor and feed mycotoxin contamination 
have also been cited (Thorp, 1994; Bradshaw et al., 2002).  Deficiencies in Ca, P, or vitamin 
D3 or imbalances of Ca and P are major causes of rickets (Cook, 2000; Angel, 2007).  
Broilers with rickets have weak bones due to poor mineralization.  Other signs of rickets 
include thick and poorly mineralized growth plates.  Rickets can be identified as either 
hypercalcemic or hypophosphataemic based on pathology.  In hypercalcemic rickets the 
growth plate has an accumulation of proliferating chondrocytes, whereas in 
hypophosphataemic rickets the growth plate has an accumulation of hypertrophic 
chondrocytes (Thorp, 1994; Bradshaw et al., 2002). Unlike TD, the growth plate in 
hypophosphataemic rickets still has normal vasculature.  Furthermore, rickets and TD may 
be observed in the same broiler or even be the underlying cause of TD in some cases 
(Bradshaw et al., 2002).  This disorder contributes to leg weakness in broilers and causes 
lameness in severe cases.               
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1.3.5 Chondrodystrophy  
Chondrodystrophy is caused by a growth plate disorder in the bone that results in 
short, thickened, mis-shaped bones (Thorp, 1994; Bradshaw et al., 2002).  Bones affected 
by chondrodystrophy may still exhibit normal mineralization and appositional growth.  In 
chondrodystrophy growth plate chondrocyte proliferation is impaired, specifically in the 
proliferative zone and in the hypertrophic zone.  This disorder can be caused by nutrient 
deficiencies of trace minerals and certain vitamins.  Due to the advancement of mineral 
and vitamin nutrition in broilers, chondrodystrophy is not regarded as a major problem in 
modern broiler production.           
 
1.4 Management strategies to improve broiler leg health 
1.4.1 Exercise and enrichment 
Various studies have shown that it is possible to mediate skeletal leg problems in 
broilers using different strategies.  One way to reduce skeletal leg problems is through 
exercise.  When muscles contract or are exercised they secrete peptides known as myokines 
which greatly influence bone metabolism, specifically bone formation, mineralization, and 
resorption (Hart et al., 2017).  Furthermore, both muscle and bone co-adapt in size, density 
and strength in response to external stimuli or stress.  It has been recommended that 
stimulating broilers to increase activity early in life may improve leg health (Nääs et al., 
2009; Vasdal et al., 2019).   
Several studies have been conducted to evaluate the effect of enriched broiler 
houses on leg health.  Enrichment of broiler houses with perches, platforms, or lasers to 
encourage movement did not improve leg bone mineral density (Bailie et al., 2018; Meyer 
et al., 2019), bone mineralization (Kaukonen et al., 2017; Meyer et al., 2019), or bone 
breaking strength (Meyer et al., 2019).  However, perches were found to reduce the 
percentage of broilers scored as lame (gait score of 3; 30% to 23%) and reduce the 
incidence of tibia dyschondroplasia (2.3% to ~1.2%) in market age broilers (Kaukonen et 
al., 2017).  Activity levels of broilers were found to decline with age, with as much as a 
47% of decline in activity from 2 to 4 weeks (wk) of age regardless of environmental 
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stimulation (Sherlock et al., 2010), which may explain some limitations of broiler house 
enrichment on leg health.  
 
1.4.2 Lighting, litter quality, and stocking density                         
Apart from enrichment of broiler houses, management of the living environment 
may also impact skeletal leg problems.  This includes the lighting schedule, litter quality, 
and stocking density.  It is widely recognized that darkness is a natural requirement for 
chickens and promotes rest, energy conservation, natural behavior, growth and 
development, reduced mortality, and reduces skeletal defects (Cobb-Vantress, 2012; 
Aviagen, 2018).  Bassler et al. (2013) found that increasing the dark period from 0 to 6.5 
hours (h) may be associated with a reduction of lameness (16.9% to 7.4%) in broilers.  
These findings compliment commercial broiler management guides which recommend 4 
to 6 h of darkness each day and longer periods of darkness for heavier broilers.   
Litter type and quality may also play a role in broiler leg health.  Wood shavings 
and dried hemp waste were found to improve moderate lameness scores as well as foot pad 
burn compared to wheat straw (Su et al., 2000).  Poor litter quality, such as wet litter or 
dirty litter, has been associated with leg problems in broilers.  Several studies have shown 
that wet litter is associated with lameness (de Jong et al., 2014; Tullo et al., 2017; Granquist 
et al., 2019), while it has been hypothesized that dirty litter may expose broilers to bacterial 
pathogens known to cause BCO in leg bones (Wideman, 2016).  Litter management is 
important for leg health, although adding fresh litter to wet litter or turning over the litter 
was not shown to be effective in reducing leg problems (Su et al., 2000).  This indicates 
litter type should be carefully considered before broiler chicks are placed and that once 
litter quality deteriorates there may be greater risk for skeletal leg problems.           
Another environmental risk factor associated with lameness in broilers is stocking 
density.  High stocking densities in broiler houses may induce stress in broilers (Estevez, 
2007; Ventura et al., 2010; Najafi et al., 2015) that may negatively impact bone metabolism 
(Dibner et al., 2007) and leg strength (Buijs et al., 2009).  High stocking densities may also 
create conditions that lead to poor litter quality due to overloading of the litter with 
ammonia and moisture, thus leading to leg problems (Knowles et al., 2008).  The 
consequence of reducing broiler stocking density is decreased profitability and this strategy 
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is less effective in controlling skeletal leg problems compared to other strategies such as 
lighting programs, genetic selection, and changes to broiler diets based on modelling the 
relationship between gait scoring and risk factors for leg disorders (Knowles et al., 2008). 
 
1.4.3 Control of toxins                            
Toxins in broiler feed can be have detrimental effects on the growth plate of broiler 
leg bones and result in dyschondroplasia.  Mycotoxins, such as fusarochromanone, 
produced by Fusarium moniliforme can induce this disorder if consumed by broilers in 
sufficient amounts  (Butterworth, 1999; Leach and Monsonego-Ornan, 2007).  Other 
mycotoxins can interfere with nutrient metabolism and growth plate development.  
Aflatoxin in broiler diets can cause lameness (Okoye et al., 1988) or rickets (Kierończyk 
et al., 2017) in broilers, while deoxynivalenol (DON) and ochratoxin can have negative 
effects on bone mineralization and strength, respectively (Raju and Devegowda, 2000; 
Kierończyk et al., 2017; Keci et al., 2019).   
Tetramethyl thiuram disulfide (thiram) is a pesticide commonly used to prevent 
fungal diseases in crops, e.g. soybean.  Contamination of feed ingredients or litter with 
thiram can also induce TD in broilers (Rath et al., 2007; Kierończyk et al., 2017; Zhang et 
al., 2018a).  Other ingredients in carbamate and thiocarbamate pesticides that are known 
to cause TD in broilers include ferbam (ferric dimethyldithiocarbamate), ziram (zinc 
bis[dimethyldithiocarbamate]), sodium metam (methyldithiocarbamate sodium), and 
disulfiram (tetraethyl thiuram sulfate) (Rath et al., 2007).  These pesticides have two or 
more disulfide groups, which seems to be a common factor in their role of inducing TD.  
Therefore, screening of feed ingredients for toxins, use of mycotoxin binders in feed when 
appropriate, and cautionary use of pesticides near broiler houses has a role in the prevention 
of skeletal leg problems in broilers. 
 
1.4.4 Incubation settings             
As noted by Hart et al. (2017), bone size and shape are established during ontogeny.  
For broilers this means that bone size and shape are established during incubation.  From 
conception, a broiler may spend nearly 50% of its life as an embryo in the egg.  This fact 
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highlights the relevance of incubation on skeletal development.  Temperature, humidity, 
gas exchange, and egg turning are settings that can be controlled by commercial broiler 
hatcheries during incubation.  While temperature and gas exchange settings have been 
shown to influence embryonic bone development, incubation temperature has direct effects 
on development of TD and prevalence of other leg deformities (Kierończyk et al., 2017). 
According to Yalcin et al. (2007), The first 8 days of embryonic development was 
most sensitive to temperature regarding development of TD later in life.  Embryos exposed 
to cool (36.9°C) or hot (39.6°C) temperatures for 6 hours a day during the first 8 days of 
incubation went on to have a significantly higher incidence of TD (12.8-14.4% vs. 5.0%) 
at 49 d of age compared to embryos incubated at the at a constant, typical temperature of 
37.8°C.  Other research indicates embryos set in single-stage incubators had a lower 
incidence of crooked toes at 56 d of age compared to embryos set in multi-stage incubators 
(Oviedo-Rondón et al., 2009), which may be due to differences in temperature control.  
Minimizing temperature fluctuations and using recommended incubation temperatures 
during incubation may help to limit development of skeletal leg problems in broilers.     
              
1.5 Breeding strategies to improve broiler leg health 
As previously mentioned, skeletal leg disorders and deformities in broilers may be 
a result of genetic selection towards rapid growth and greater meat yields (Havenstein et 
al., 1994; Lilburn, 1994; Rath et al., 2000; Kestin et al., 2001; Zuidhof et al., 2014).  In 
Bradshaw et al.’s (2002) review of etiology and pathology of leg weakness and broilers, it 
was noted that growth rate was correlated with VVD and TD.  Yair et al. (2017) noted that 
during embryonic skeletal development, offspring from fast growing breeders had inferior 
bone mechanical properties, low mineralization rate, smaller bone dimensions relative to 
body weight, and may be at higher risk for bone pathologies compared to offspring from 
slow growing breeders.  Furthermore, males which have a greater growth rate than females 
may exhibit more leg problems (Kapell et al., 2012).  Although leg problems are heritable 
to a certain extent, targeted breeding programs may aid in reducing them.   
Several research studies chronicle the effectiveness of broiler breeding on reducing 
skeletal leg problems.  Kapell et al. (2012) analyzed the effects of genetic selection on the 
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occurrence of VVD, crooked toes, and TD in 3 purebred commercial broiler lines in the 
Aviagen United Kingdom breeding program over the course of 25 years.  From 1986 to 
1996, they found that VVD decreased by 1.4 -1.6% each year and crooked toes decreased 
by 1.2-2.3% each year for all purebred commercial broiler lines.  Beyond 1996, VVD 
continued to decrease at a rate of 0.7-1.2% each year while prevalence of crooked toes 
stabilized at low levels for all lines.  From 1990 to 2006, TD decreased by 0.6-1.8% each 
year for all lines.  At the end of the study VVD was found to still occur in 8.6-12.9% of 
purebred commercial broilers, while TD occurred in 4.6-8.0% of broilers.  The heritability 
of leg disorders in this breeding program were found to be low and their genetic correlation 
to BW was low to moderate despite improvements in growth rate and FC over the years.   
A separate study was conducted to evaluate the heritability of skeletal leg 
deformities and disorders in a United States Cobb-Vantress fully pedigreed commercial 
broiler line (Rekaya et al., 2013).  In 2013, researchers found that incidence of VVD and 
twisted leg were 27% and 23% respectively, while TD occurred in 4% of broilers.  The 
genetic correlation between BW, breast yield, and body conformation with skeletal leg 
disorders was found to be negative or low.  Gonzales et al. (2015) reported a 30% incidence 
of VVD and 2% incidence of TD in an unselected, random mating broiler control 
population.  Similar to findings reported by Rekaya et al. (2013), the genetic correlation of 
growth and skeletal leg problems was low.   
In a more recent publication by Siegel et al. (2019), heritability of VVD, twisted 
leg, TD, and FHN were tracked in 3 pedigree pure broiler for 11 to 14 years.  Researchers 
found that heritability of VVD, twisted leg, and TD was low to moderate over time.  On 
the other hand, FHN was nearly 2 times more heritable than the aforementioned skeletal 
leg problems and slightly increased over 14 years of genetic selection.  These findings on 
heritability of VVD and TD are in agreement with previous reports (Rekaya et al., 2013; 
González-Cerón et al., 2015).  This study also highlights the lack of selection criteria 
against FHN, a skeletal leg disorder that may have an infectious origin and is typically only 
identified post-mortem.  Overall, genetic selection against skeletal leg problems in broilers 
is a slow process and some researchers have indicated that changes to management of the 
broiler’s nutrition and living environment may be more effective (Angel, 2007; Knowles 
et al., 2008; Rekaya et al., 2013; Mitchell, 2014; González-Cerón et al., 2015).     
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1.6 Nutritional strategies to improve broiler leg health     
Broiler nutrition also impacts broiler leg health.  Nutrients found to impact skeletal 
leg problems in broilers include protein, amino acids, lipids, vitamins and minerals, 
especially cholecalciferol (vitamin D), calcium (Ca) and phosphorus (P).   Feed additives 
such as phytase, organic acids, probiotics, prebiotics, flavors, and flavonoids also have a 
role in reducing skeletal leg problems in broilers.     
 
1.6.1 Crude protein and amino acids 
Crude protein (CP) is normally formulated into broiler diets to support normal 
growth and development.  The major protein in bone is collagen, with other components 
of the organic bone matrix also made of protein (Palacios, 2006; Kierończyk et al., 2017).  
Broilers need approximately 16-23% CP in their diet depending on their growth phase; 20-
22% during the starter phase, 18-20% during the grower phase; 16-18% during the finisher 
phase (Leeson and Summers, 2001).  Hulan et al. (1980) found that broilers fed diets with 
high CP content had a greater incidence of leg abnormalities than broilers fed diets with 
low CP content.  Broilers fed a higher level of dietary CP also had greater mortality due to 
leg problems.  High dietary protein may also interfere with retinol (vitamin A) metabolism, 
pyridoxine (vitamin B6) metabolism, folic acid metabolism, indirectly influence zinc (Zn) 
homeostasis subsequently affecting bone health (Oviedo-Rondón et al., 2006; Waldenstedt, 
2006).  The high protein diets in this study were formulated with greater percentages of 
soybean meal and fishmeal, which are sources of the sulfur amino acids cystine and 
cysteine.     
Previous research indicates excessive supplementation of the sulfur containing 
amino acids (AA) cysteine, cystine, and homocysteine in broiler diets increases the 
incidence and severity of TD in broilers at 3 weeks of age (Orth et al., 1992).  Dietary 
excess of these amino acids may disrupt metabolism of folic acid needed for normal bone 
formation as well as vitamin B6, and vitamin A metabolism (Leeson and Summers, 2005; 
Oviedo-Rondón et al., 2006).  The authors of this research previously excluded methionine 
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as an inducer of TD in a turkey trial.  Homocysteine is a precursor to cysteine and was 
more effective in increasing the incidence and severity of TD than cysteine.  Feathermeal 
is a source of cysteine but is not formulated into broiler diets in sufficient amounts to induce 
TD (Orth et al., 1992; Leeson and Summers, 2005).  Cystine may be added to broiler diets, 
but recommended levels are well below amounts reported to induce TD (NRC, 1994).  
Additionally, homocysteine is not commonly added to broiler diets (Leeson and Summers, 
2005), therefore the risk of inducing TD with these amino acids under commercial settings 
is extremely low when using appropriate levels of CP. 
 
1.6.2 Lipids and fatty acids 
Fats and oils, collectively known as lipids, are added to broiler diets to supply 
energy.  Some fats and oils used in broiler diets are tallow, poultry fat, fish oil, soybean 
oil, corn oil, coconut oil, palm oil, and restaurant grease (Leeson and Summers, 2001; 
Leeson and Summers, 2005).  These lipids vary in composition of fatty acids as shown in 
Table 1.3 (Korver et al., 1997; Crespo and Esteve-Garcia, 2001; Farhoomand and 
Checaniazer, 2009).  Fatty acids are commonly found in triglycerides, phospholipids, 
cholesterol, and cholesterol esters of lipids (Brody, 1994).  Fatty acids are digested and 
absorbed based the length of the fatty acid, the number of double bonds it has, form (part 
of a triglyceride, free from, with or without ester linkages), its position on a triglyceride, 
ratio of unsaturated to saturated fatty acids, amount and type of fatty acids, intestinal 
microflora, and age of the broiler (Leeson and Summers, 2001).   
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Table 1.3 Fatty acid profile of dietary fats and oils1 
Fatty acid 
Shorthand 
notation2 
Tallow, 
% 
Poultry Fat, 
% 
Corn oil, 
% 
Fish oil, 
% 
Myristic acid C14:0 2.27 4.43 0.04 7.33 
Palmitic acid C16:0 20.7 25.1 11.3 19.61 
Stearic acid C18:0 14.1 8.36 2.05 5.36 
Palmitoleic acid C16:1n-7 2.30 5.31 0.09 7.76 
Oleic acid C18:1n-9 31.4 26.84 23.91 18.95 
cis-Vaccenic acid C18:1n-7 1.64 8.01 0.85 0.17 
Linoleic acid C18:2n-6 9.13 17.7 59.0 3.41 
Arachidonic acid C20:4n-6 0.26 0.40 ND3 0.79 
α-Linolenic acid C18:3n-3 0.71 1.70 1.50 9.93 
Eicosapentaenoic acid C20:5n-3 NR4 0.00 ND3 11.5 
Docosapentaenoic acid C22:5n-3 NR4 0.00 ND3 2.21 
Docosahexaenoic acid C22:6n-3 NR4 0.00 ND3 8.30 
Total n-3 fatty acids 3.71 1.70 1.50 29.9 
Total n-6 fatty acids 9.59 18.1 59.0 4.2 
Ratio of n-6: n-3 2.58 10.6 39.3 0.14 
Total MUFA 37.9 40.4 25.1 27.3 
Total PUFA 10.3 19.8 60.9 34.1 
Total SFA 37.1 37.9 14.0 35.8 
1References (Korver et al., 1997; Crespo and Esteve-Garcia, 2001; Farhoomand and 
Checaniazer, 2009) 
2Number of carbons: number of double bonds and location  
3ND: not detected 
4NR: not recorded 
           
 
Saturated fatty acids (SFA) do not have double bonds in their chemical structure, 
have a solid consistency at room temperature, and are found in animal fats, palm oil, and 
coconut oil.  Unsaturated fatty acids have one or more double bonds in their chemical 
structure, are liquid at room temperature, and are found in soybean oil and corn oil.  
Unsaturated fats can be grouped as monounsaturated or polyunsaturated.  Monounsaturated 
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fatty acids (MUFA) have one double bond in the chemical structure whereas 
polyunsaturated fatty acids (PUFA) have two or more double bonds.     
The PUFA can be further categorized as omega-3 (n-3), omega-6 (n-6), and omega-
9 (n-9) which corresponds to the double bond location on the respective third, sixth, and 
ninth carbon from the methyl end of the fatty acid  (Brody, 1994).  The only fatty acid 
recognized as essential for broilers is linoleic acid (LA), an 18 carbon, n-6 PUFA, which 
has a minimum requirement of 1.0% in broiler diets (NRC, 1994; Leeson and Summers, 
2001).  It is the precursor for other long-chain, metabolically important n-6 PUFA such as 
arachidonic acid.  Similarly, α-linolenic acid (ALA) is the 18 carbon precursor for long 
chain n-3 fatty acids such as eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA) and has been indicated as an important nutritional factor of poultry diets in recent 
years (Cherian, 2013, 2015; Alagawany et al., 2019; Head et al., 2019). 
It is possible for dietary lipids to form soaps with certain minerals during digestion, 
making them unavailable for absorption (Leeson and Summers, 2005; Alagawany et al., 
2019).  Although, once digested n-6 and n-3 fatty acids have been shown to affect broiler 
bone health, largely due to their role in eicosanoid synthesis.  Eicosanoids such as 
prostaglandins, thromboxanes, leukotrienes, and other functional metabolites derived from 
20 carbon, n-3 and n-6 PUFA are involved in regulation of inflammation (Calder, 2001, 
2006a, b; Kruger et al., 2010) and bone metabolism (Watkins et al., 1997a; Watkins, 1998; 
Watkins et al., 2001d; Fleming, 2008; Kruger et al., 2010).  In general, dietary n-6 PUFA 
are associated with contributing to prostaglandin E2 (PGE2) synthesis which has a role in 
normal bone formation.  However, dietary excess of n-6 PUFA are associated with 
overproduction of PGE2 which leads to inflammation and bone pathology (Norrdin et al., 
1990; Watkins, 1998).  In contrast, n-3 PUFA have been shown to reduce PGE2 (Watkins 
et al., 1996a; Watkins et al., 2003; Bautista-Ortega et al., 2009; Cherian et al., 2009), reduce 
production of proinflammatory eicosanoids (Hall et al., 2007) and may also have anti-
inflammatory effects (Calder, 2001, 2006a, b; Kohli and Levy, 2009).  Broilers fed diets 
with supplemental n-3 PUFA had reduced tissue levels of PGE2 (Watkins et al., 1997b).  
Reductions of PGE2 and proinflammatory eicosanoids have also been observed in tissues 
of broilers whose parents were fed diets high in n-3 PUFA (Hall et al., 2007; Bautista-
Ortega et al., 2009; Cherian et al., 2009).  Furthermore, enzymes responsible for 
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desaturation of 18 carbon fatty acids have an affinity for ALA over LA (Kruger et al., 
2010), meaning feed ingredients high in ALA acid promote the production of long chain 
n-3 fatty acids rather than n-6 fatty acids.  This has been demonstrated in broilers fed diets 
supplemented with linseed oil (Poureslami et al., 2010) and flaxseed (Head et al., 2019). 
A study conducted feeding broilers a source of saturated fat (hydrogenated soybean 
oil) resulted in increased incidence and severity of TD as well as reduced tibia length 
(Watkins et al., 1991).  The n-6 PUFA tissue concentrations were also reduced, elucidating 
the negative effect of excess saturated fatty acids on n-6 PUFA digestion, absorption, and 
role in normal bone formation.  In another study linseed oil and soybean oil in broiler diets 
increased the Ca and P content in the tibia compared to palm oil, with linseed oil having 
the greatest effect overall (Abdulla et al., 2017).  The effects of different dietary ratios of 
n-3 PUFA to n-6 PUFA on tibia characteristics were investigated using varying 
formulations of maize oil and salmon oil (Fleming, 2008).  Diets that had at higher n-3 
PUFA: n-6 PUFA due to salmon oil resulted in improved breaking strength and ash 
percentage of tibias in broiler chicks.  Apart from broilers, dietary n-3 PUFA have 
beneficial effects on bone strength in layers (Tarlton et al., 2013) and bone mineralization 
and strength in Japanese quail (Liu et al., 2003).  Results from a study where rats were fed 
varying ratios of dietary n-3 and n-6 PUFA indicate dietary PUFA can also influence Ca 
absorption, excretion, and femur content (Claassen et al., 1995).                  
 
1.6.3 Vitamin D, calcium and phosphorus 
Other nutrients of major concern for broiler leg health are cholecalciferol (vitamin 
D3), Ca and P.  These nutrients are essential for broilers and must be supplemented in the 
diet in balanced proportions.  They are also highly interconnected in bone metabolism.  
Vitamin D3 metabolites promote Ca and P homeostasis, intestinal Ca and P absorption, 
bone formation, and mineral resorption of bones (Leeson and Summers, 2001; Oviedo-
Rondón et al., 2006).  Calcium phosphate is the major matrix component of mineralized 
bone, providing both strength and structure.  The recommended level of vitamin D3 in 
broiler diets is 200 IU/kg of diet (NRC, 1994), although it is often supplemented in excess 
in commercial diets in anticipation of a greater requirement under stressful conditions and 
loss of activity during storage (Waldenstedt, 2006).  Phosphorus in cereal and vegetable 
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proteins are not readily available for digestion compared to P in animal protein because it 
is bound by phytic acid and broilers do not produce enough phytase enzyme to free P from 
the phytic acid bonds (Leeson and Summers, 2001; Woyengo and Nyachoti, 2011).  
Therefore, available phosphorus (avail. P) in feed ingredients must be considered when 
balancing Ca and P in broiler diets.  The typical dietary ratio of Ca: avail.P in broiler diets 
ranges from 2:1 to 2.6:1 (Waldenstedt, 2006; Kierończyk et al., 2017).     
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Figure 1.3 Vitamin D3 metabolism and regulation of calcium and phosphorus homeostasis 
and bone remodeling 
 
Adapted from Holick (2007)                 
 
 
Rickets and TD can be caused by deficiencies in vitamin D3, Ca, and P, or by 
imbalances of dietary Ca: avail.P (Leeson and Summers, 2001; Waldenstedt, 2006).  
Vitamin D deficiency can also cause VVD in broilers (Summers et al., 1984).  
Supplementing diets with high concentrations of vitamin D (125-250 IU/kg of diet) when 
paired with balanced calcium to phosphorus ratios in the diet drastically reduced the 
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incidence and severity of TD and improved tibia strength of 2 week old broiler chicks 
(Whitehead et al., 2004).  Other work has shown that imbalanced diets with a low Ca: 
avail.P formulation resulted in rickets and TD broilers, but differential supplementation of 
vitamin D3 supplementation could prevent both disorders (Rennie et al., 1993).     
Many of the cereal grains and vegetable sources used in poultry diet formulations 
contain phytic acid, which is a storage form of phosphorus.  Phytase is an enzyme that can 
cleave phytic acid bonds and release P as well as Ca and some trace minerals (Leeson and 
Summers, 2005; Woyengo and Nyachoti, 2011).  Once the nutrients are released from the 
phytic acid bonds they become available for digestion and absorption.  Adding phytase to 
poultry diets can improve Ca and P mineral absorption thereby playing a role in broiler leg 
health (Havenstein et al., 2003). 
 
1.6.4 Minerals and electrolytes 
Other minerals besides Ca and P are required as cofactors for bone cell metabolic 
processes, directly involved in bone tissue synthesis, and help regulate Ca homeostasis 
(Thorp, 1994; Palacios, 2006).  Manganese (Mn) is required for biosynthesis of 
mucopolysaccharides of the bone matrix (Palacios, 2006).  Zinc (Zn) is required for bone 
cell activity, collagen synthesis, bone enzyme activity (Palacios, 2006) and can be become 
part of the bone inorganic matrix in place of calcium depending upon metabolic conditions 
(Waldenstedt, 2006).  Copper (Cu) has a role in bone formation, mineralization and 
collagen cross linking in bone tissue (Oviedo-Rondón et al., 2006; Palacios, 2006).  Iron 
(Fe) is a co-factor for the enzyme that transforms Vitamin D in the kidney and is necessary 
for collagen matrix synthesis (Palacios, 2006).  Selenium (Se) helps regulate reactive 
oxygen species during bone cell proliferation and differentiation (Zeng et al., 2013). 
Deficiency of Mn and Zn in broiler diets is known to cause chondrodystrophy 
(Thorp, 1994; Bradshaw et al., 2002), while Cu deficiency can result in TD or TD type 
lesions (Wu et al., 1993; Orth and Cook, 1994; Bradshaw et al., 2002; Kierończyk et al., 
2017).  Adding extra Cu and Zn (200 ppm) to broiler diets can help alleviate the incidence 
of TD for broilers exposed to the mycotoxin fusarochromanone (Wu et al., 1993).  
Additional, dietary Cu can also help reduce TD in broilers exposed to thiram (Wu et al., 
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1993).  However, dietary Se has not been shown to influence incidence of TD in broilers 
(Walser et al., 1988).         
Electrolyte imbalance may also increase incidence of TD, particularly in a state of 
metabolic acidosis.  Metabolic acidosis is when the body has produced too much acid and 
creates an acidic environment.  It can be induced by a dietary imbalance of cations to anions 
ratio or by stress, e.g. heat stress.  High amounts of dietary chloride (Cl), and other anions 
such as phosphate and sulfate can induce TD in broilers (Orth and Cook, 1994; Thorp, 
1994).  The electrolyte imbalance can disrupt kidney function, specifically its ability to 
metabolize Vitamin D3 into its active form which is responsible for regulation of Ca 
absorption and mobilization.  However, metabolic acidosis can be ameliorated by 
providing cations such as magnesium (Mg), sodium (Na), and potassium (K) to broiler 
diets to offset anions consumed or produced during stress (Orth and Cook, 1994; Leeson 
and Summers, 2005; Palacios, 2006).  Magnesium affects bone quality via hydroxyapatite 
crystal size in the bone, affects Ca metabolism, and affects bone cell activity (Palacios, 
2006).  Similar to Zn, Mg may also be incorporated in the bone formation process in lieu 
of Ca depending on metabolic conditions (Waldenstedt, 2006).  Fluoride (F) may replace 
hydroxyl groups in bone hydroxyapatite crystals, influence bone brittleness, and stimulate 
bone cell activity (Oviedo-Rondón et al., 2006; Palacios, 2006).  Dietary supplementation 
of F increased bone density and breaking strength in chickens  (Oviedo-Rondón et al., 
2006). 
 
1.6.5 Vitamins                                     
Dietary vitamins can have a major influence on broiler leg health, particularly 
during a state of nutritional deficiency or extreme excess.  Vitamin A is required for the 
remodeling process of bone formation and resorption (Palacios, 2006; Conaway et al., 
2013).  In broilers, vitamin A deficiency is rare since it is normally added in excess to 
broiler diets (Waldenstedt, 2006; Li et al., 2008), but can increase the incidence of leg 
deformities such as VVD or twisted leg (Summers et al., 1984).  Vitamin A overdosing can 
cause rickets (Kierończyk et al., 2017) and induce TD (Waldenstedt, 2006; Li et al., 2008) 
in broilers, although it is not practical in commercial broiler production. 
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Similar to minerals, various vitamins are co-factors for bone related hormones and 
enzymes, as well as  stimulators of bone cell activity (Palacios, 2006).  Deficiency in certain 
vitamins can be devastating to broiler leg health.  Riboflavin (vitamin B2) is needed for 
oxidation-reduction reactions in all tissues (Leeson and Summers, 2001) and may play a 
role in Fe metabolism and absorption (Powers, 2003).  However, the influence of vitamin  
B2, thiamin (vitamin B1), and niacin (vitamin B3) on bone health may be indirect (Palacios, 
2006).  Vitamin B2 deficiency induces VVD or twisted leg and greatly increases incidence 
of lameness in broilers (Summers et al., 1984).  Choline is involved with cell membrane 
signaling and homocysteine reduction (Zeisel and Da Costa, 2009).  Choline deficiency 
results in VVD or twisted leg (Summers et al., 1984), chondrodystrophy (Thorp, 1994), 
and TD (Waldenstedt, 2006) in broilers.   
Alpha-tocopherol (vitamin E) has been shown to scavenge free radicals produced 
by bone cells during bone resorption and influence collagen synthesis in an avian 
chondrocyte, cell culture model (Ahmadieh and Arabi, 2011).  Other research indicates 
supplementation of Vitamin E in broiler diets can alter growth plate morphology and 
mineral apposition rate (Xu et al., 1995).  Folic acid plays a role in directly regulating 
plasma homocysteine levels and perhaps collagen synthesis indirectly (Clarke et al., 2014).  
Vitamin E, folic acid, and vitamin B3, deficiencies causes VVD or twisted leg (Summers 
et al., 1984) and chondrodystrophy (Thorp, 1994).   
Vitamin K is a co-factor for osteocalcin, the most abundant non-collagenous protein 
in the bone matrix involved in bone turnover (Palacios, 2006; Fleming, 2008), and low 
level supplementation in broiler diets increased bone breaking strength, bone flexibility, 
and bone ash percentage (Zhang et al., 2003).  Biotin is a coenzyme for carbohydrate, fat 
and protein metabolism (Leeson and Summers, 2005) and supplementation in broiler diets 
can influence bone mineral content and bone mineral density (Quarantelli et al., 2007).  
Pantothenic acid (vitamin B5) is a co-factor for nutrient metabolism (Leeson and Summers, 
2001), while vitamin B6 is a co-factor for bone cell enzymes involved in energy metabolism 
(Palacios, 2006) and involved in regulation of homocysteine metabolism (Ahmadieh and 
Arabi, 2011).  It has been shown to Vitamin K, biotin, vitamin B5, and vitamin B6 
deficiencies also cause leg bone deformities in broilers (Summers et al., 1984; Thorp, 
1994).  Cobalamin (vitamin B12) is a cofactor for bone cell enzymatic activity, regulates 
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homocysteine metabolism and is needed for Fe metabolism (Palacios, 2006; Ahmadieh and 
Arabi, 2011).  Deficiency of vitamin B12 in broiler diets may also have a negative impact 
on leg health.  
 
1.6.6 Feed additives 
Despite improvements in broiler vitamin and mineral nutrition over the years, 
skeletal leg problems remain a persistent problem in the commercial broiler industry.  Feed 
additives in the form of organic acids, probiotics, prebiotics, flavors and polyphenols 
(flavonoids, phenolic acids, etc.) have been shown to be effective in reducing major leg 
problems in broilers.  Organic acids are effective aids in antimicrobial activity, gut health, 
performance and nutrient digestibility.  Lactic acid, for example, enhances vitamin D 
absorption, which is known to regulate bone metabolism (Leeson and Summers, 2001).  
During digestion it may be possible for organic acid anions to form complexes with the 
cations of certain minerals such as Ca, P, Mg, and Zn, thereby making the minerals more 
favorable for digestion by broilers (Boling et al., 2000; Khan and Iqbal, 2016).  In cell 
culture, butyrate is a known stimulator of bone cell enzyme activity association with bone 
formation (Katono et al., 2008).  Propionate and butyrate are also regulators of bone cell 
metabolism and bone homeostasis (Lucas et al., 2018).  Propionic acid in broiler diets has 
been shown to improve tibia morphometric characteristics, mineralization, and strength 
(Ziaie et al., 2011).  Other research has shown that supplementation of citric acid, fumaric 
acid, and Ethylenediaminetetraacetic acid (EDTA) in broiler diets that were deficient in P 
had significantly reduced incidence of rickets and improved Ca, and P retention (Liem et 
al., 2008).   
Probiotics are living microorganisms, typically bacteria or yeast, that are beneficial 
to the body by promoting a healthy community of microorganisms and producing 
substances to improve bodily function and health.  As reviewed by Collins et al. (2017), 
probiotics produce enzymes to break down nondigestible polycarbohydrates and release 
nutrients in the process.  Short chain fatty acids, including some organic acids, are also 
produced by probiotics.  They enhance intestinal morphology of the gut via greater villus 
height and surface area, which are conducive to increased nutrient absorption.  Probiotics 
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also play a role in regulating inflammatory cytokines and hormones that influence bone 
turnover via bioactive peptides and other secretory products.         
Bacterial communities exist in the growth plate of broiler leg bones.  A molecular 
survey of bacterial communities in broiler leg bones afflicted with BCO revealed a large 
association with pathogenic Staphylococcus species, particularly Staphylococcus agnetis, 
compared to normal bones (Al-Rubaye et al., 2015; Jiang et al., 2015).  Researchers 
demonstrated that adding 105 CFU Staphylococcus agnetis/ml drinking water can induce 
BCO and consequently lameness in broilers (Al-Rubaye et al., 2016).  Furthermore, they 
found that the pathogen was horizontally transmitted to unchallenged broilers living in the 
same pen and caused lameness in those birds as well.  Other microbes associated with BCO 
and lameness include Enterococcus cecorum (Stalker et al., 2010), Escherichia coli (Dinev, 
2009; Wijesurendra et al., 2017). 
Plavnik and Scott demonstrated that adding brewer’s yeast to broiler diets 
decreased the incidence of TD while increased bone breaking strength in broilers (Plavnik 
and Scott, 1980).  In a series of experiments conducted by Wideman et al. (2012; 2015), 
broilers were raised on wire-flooring to induce lameness and provided probiotic as a 
prophylactic.  In the 2012 study, administration of the probiotics Enterococcus faecium, 
Bifidobacterium animalis, Pediococcus acidilactici, and Lactobacillus reuteri resulted in a 
reduction in lameness by approximately 50%.  In the 2015 study, unvaccinated broilers 
were provided a different probiotic, Bacillus subtilis, plus a prebiotic.  Broilers that were 
treated with the probiotic plus prebiotic had a lower incidence of lameness due to BCO 
(24.0 vs 40.7%) compared to broilers that were untreated.   
Other studies have shown the beneficial effects of adding probiotics to broiler diets 
on bone health.  Mutuş et al. (2006) added a mixture of Bacillus licheniformis and Bacillus 
subtilis to broiler diets.  After six weeks of feeding the probiotics to broilers they had 
increased tibia mid-shaft cortical bone thickness, ash percentage, and phosphorus content 
compared to broilers who were not fed probiotics.  A separate study found that addition of 
the probiotic Lactobacillus sporogenes increased tibia breaking strength and ash content in 
broilers (Panda et al., 2006).  Probiotics, Bacillus subtilis and Clostridium butyricum, 
combined with low calcium diets have also been shown to increase broiler tibia length 
compared to calcium adequate diets without probiotic (Houshmand et al., 2011).  A blend 
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of Lactobacillus sp. and 5 other probiotics fed to broilers also increased tibia weight, 
length, shaft cortical thickness, ash percentage, Ca and P content, and strength (Ziaie et al., 
2011). 
Prebiotics are different from probiotics in that they are not living microorganisms, 
but rather any substance used by microorganisms in the body that results in a health benefit.  
Common prebiotics are nondigestible oligosaccharides of fructose, galactose, and 
mannose.  Prebiotics can be fermented by certain groups of microorganisms that are 
considered healthy such as bifidobacteriae and lactobacilli.  As reviewed by Scholz-Ahrens 
et al. (2001), short chain fatty acids and other metabolites are produced during bacterial 
fermentation of prebiotics, which can enhance mineral absorption, bone density, bone 
mineral content, and bone structure. 
The prebiotic inulin is a fructooligosaccharide derived from chicory root.  The 
addition of 5 g inulin/kg feed was able to increase bone ash and C content in broilers (Ortiz 
et al., 2009).  Mannanoligosaccharides added at 100 mg/kg feed also improved bone 
morphometric characteristics, mineralization, and strength in broilers (Ziaie et al., 2011).  
Similar to probiotics and prebiotics, antibiotics can also influence intestinal microflora and 
mineral absorption.  Antibiotics such as virginiamycin are also reported to improve broiler 
bone characteristics, mineralization, and strength (Henry et al., 1987; Ziaie et al., 2011).  
Other nutritional strategies to improve broiler leg health include the use of flavors 
and polyphenols.  In a study conducted by Ziaie et al. (2011), broilers were fed a diet 
supplemented with 400 mg medicinal plants/kg feed.  The medicinal plants were an herbal 
blend of essential oils and functional flavors (Digestrom®).  At 6 weeks of age, broilers fed 
diets containing medicinal plants had increased tibia weight, length, shaft cortical 
thickness, ash percentage, Ca and P content, and strength compared to broilers not fed diets 
with medicinal plants.      
Several recent studies highlight the use of extracts from traditional Chinese 
medicines to treat thiram induced TD in broilers.  Tetramethylpyrazine (TMP) is a 
bioactive compound found in galbanum plant species and is used as a flavor in various 
foods.  Mehmood et al. (2018) induced TD in broiler chicks by feeding 50mg thiram/kg 
feed from 4 to 7 days of age.  From day 8 until day 18 of age, the broilers were provided 
30 mg TMP/kg feed or no TMP.  TMP was able to reduce the incidence and severity of TD 
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by 14 days of age.  It also improved the tibia growth plate width and trabecular bone length 
compared to the nontreated TD group.          
Icariin is a natural flavonoid isolated from Epimedium sagittatum.  In traditional 
Chinese medicine it is used to treat bone disease.  In a study performed by Zhang et al. 
(2018b), TD was induced in broilers by feeding 50mg thiram/kg feed from days 3-7 of age.  
From day 8 until day 18 of age broiler chicks were provided diets containing 10 mg 
icariin/kg feed or no icariin.  Researchers observed improvement in standing and walking 
ability in the icariin treated broilers compared to the nontreated broilers.  By the end of the 
experiment lameness was reduced to levels observed in the control group that were not TD 
induced.  Icariin was also able to improve tibia length, width, weight and growth plate 
width compared with the untreated, TD induced group.      
Anacardic acid is a phenolic lipid produced in the seeds from the herb commonly 
known as ginkgo biloba.  Following the same model as the two previously mentioned 
studies, Jiang et al. (2019) induced TD in broilers using thiram in broiler feed.  After 4 days 
of thiram challenge, broilers were provided diets containing 5 mg anacardic acid/kg diet 
for the remainder of the experiment.  Anacardic acid was shown to reduce incidence and 
severity of TD in broilers.   
In the icariin and anacardic acid studies, both compounds were able to counteract 
the decreased wingless type member 4 (WNT4) gene expression (Zhang et al., 2018b; Jiang 
et al., 2019) and protein levels (Zhang et al., 2018b) that was found to occur in thiram 
induced TD.  The researchers noted that WNT4 is expressed in bone tissue by osteoblasts 
and abnormal levels may indicate occurrence of bone pathology.  Thiram is reported to 
cause chondrocyte death and have an anti-angiogenic effect on the growth plate in broilers 
with TD (Rath et al., 2005).  Vascular endothelial growth factor (VEGF) mediates 
angiogenesis and regulates various aspects of bone metabolism.  Both Icariin and TMP 
were able to reduce VEGF gene expression (Mehmood et al., 2018; Zhang et al., 2018b) 
and protein levels (Mehmood et al., 2018) that were heightened by thiram induced TD.     
 
1.6.7 Breeder and prenatal nutrition                                                                                                         
As reviewed by Torres and Korver (2018), broiler breeder nutrition and prenatal 
nutrition impacts embryonic skeletal development and post-hatch leg health.  During the 
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embryonic growth phase, the embryo’s sole nutrient source comes from the nutrients 
deposited into the egg yolk, albumin, shell membrane and shell by the broiler hen 
(Romanoff and Romanoff, 1967; Richards, 1997; Yair and Uni, 2011).  The majority of 
protein, fatty acids, minerals, and vitamins used for embryonic development are located in 
the yolk (White, 1987; Richards, 1997; Angel, 2007; Cherian, 2008; Yair and Uni, 2011) 
and eggshell in the case of Ca (Yair and Uni, 2011).  Save for protein and amino acids, 
many of the aforementioned nutrients in the egg are known to be affected by breeder diet 
(Lunven et al., 1973; Naber, 1979; Mattila et al., 1999; Kidd, 2003; Cherian, 2008; Cherian 
et al., 2009; Torres and Korver, 2018). 
Increased dietary P in dwarf broiler breeder diets was found to increase egg P 
content as well as improve offspring bone mechanical properties and ash content 
(Triyuwanta and Nys, 1992).  High levels of vitamin D in the diets of young broiler 
breeders increased offspring tibia ash content and reduced the incidence of TD and 
nutritionally induced rickets in offspring (Atencio et al., 2005).  However, this effect was 
not observed in offspring as broiler breeders aged.  There is evidence suggesting that broiler 
breeder age can affect nutrient transfer to eggs (Atencio et al., 2005; Yilmaz-Dikmen and 
Sahan, 2009; Torres and Korver, 2018).              
Mineral source in broiler breeder nutrition can also affect offspring skeletal 
development.  Breeders fed diets with a mixture of inorganic and organic Zn, Mn, and Cu 
increased the Zn content in the yolk and albumen of eggs compared to breeders fed diets 
containing inorganic sources of Zn, Mn and Cu (Favero et al., 2013).  Tibia and femur 
calcification in broiler embryos were increased at embryonic day 18 when organic minerals 
were mixed with or added on-top of inorganic breeder diets.  Tibias at day of hatch also 
had improved biomechanical properties when organic minerals were included in breeder 
diets.  Kidd et al. (1992) also demonstrated that offspring from breeders fed diets 
containing Zn-methionine had greater tibia weight at hatch compared to offspring from 
breeders fed diets containing Zn oxide (ZnO), with Zn tibia content correlated to bone 
weight and ash percentage.    
Ascorbic acid (vitamin C) stimulates bone enzyme activity and cross-linking of 
bone collagen fibrils (Palacios, 2006).  Additional vitamin C in breeder diets was shown to 
have negative effects on offspring that were induced with rickets by feeding diets deficient 
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in vitamin D3, Ca and P, or vitamin D3 alone.  Supplemental vitamin C (20 or 40 mg/lb 
diet) in breeder diets was shown to exacerbate growth plate pathology of rachitic offspring 
(Thornton and Brownrigg, 1961).  This effect may be due to an influence of vitamin C on 
Ca deposition and resorption during abnormal bone development.           
The effects of nutrient deficiencies in broiler breeder diets on offspring skeletal 
deformities have been documented and summarized in Table 1.4.  Many of the skeletal 
defects in broilers as a consequence of broiler breeder nutrition are developmental in nature 
and can be corrected with proper breeder diet formulation.  Despite improvements in 
breeder nutrition, it is known that embryos have access to a finite source of nutrients.      
 
 
Table 1.4 Embryonic skeletal disorders associated with broiler breeder nutrient 
deficiencies1 
Breeder Nutrient Deficiency Embryonic skeletal disorder 
Vitamin D Rickets 
Biotin Chondrodystrophy, twisted leg 
Folic Acid Bending of tibia (VVD) 
Zinc Absence of limbs, leg weakness 
Manganese Chondrodystrophy 
Selenium Crooked toes 
1References (Cravens et al., 1944; Couch et al., 1948; Sunde et al., 1950; Kidd, 
2003; Chang et al., 2016) 
 
 
Prenatal supplementation of nutrients via in ovo injections into embryos is another 
strategy to enhance embryonic skeletal development.  In ovo is a Latin term that means in 
the egg.  In the broiler industry certain vaccinations are administered in ovo to prevent 
disease.  Concerns have been expressed about the limited nutrients available to the 
developing embryo in the yolk sac during the last few days of incubation and for 
consumption and absorption of nutrients immediately post-hatch (Dibner et al., 2007; Yair 
and Uni, 2011; Oliveira et al., 2015).  Yair et al. (2012) observed decreased cross sectional 
area in the tibia of broiler embryos from day 19 to 21 of incubation.  They also observed a 
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decrease in femur stiffness and ultimate load capacity during the same time frame.  These 
observations in decreased embryonic bone shaft structure and mechanical properties during 
the last few days of incubation may be due to a depletion of mineral reserves closer to hatch 
(Yair and Uni, 2011; Yair et al., 2012).                
Research has shown that embryos provided organic forms of Cu, Mn, Fe, and Zn 
via in ovo injection into the amniotic fluid on day 17 of incubation had increased amounts 
of those minerals in the yolk sac before hatch (Yair and Uni, 2011).  Moreover, in ovo 
supplementation of organic form of the trace minerals Cu, Mn, and Zn increased the yolk 
sac content of those minerals compared the inorganic form (Yair et al., 2015).  Organic Cu, 
Mn, and Zn in ovo enrichment was found to increase bone ash percentage in broiler chicks 
at hatch (Oliveira et al., 2015).  In a separate study, in ovo administration of a mixture of 
vitamins, organic minerals, and maltodextrin resulted in increased leg bone length and 
weight up to 14 days post hatch (Yair et al., 2013).  Bone mechanical properties and bone 
Mn content was increased up to 7 days post hatch by in ovo enrichment.  Additionally, long 
lasting effects on bone mineralization and trabecular architecture 28 to 56 days post hatch 
as a result of in ovo enrichment have been observed (Yair et al., 2013, 2015).  Overall, in 
ovo nutrient supplementation has positive effects on embryonic and post hatch skeletal 
development and mineralization.  However, despite these advances in ovo enrichment has 
not yet had an effect on broiler leg problems as revealed in results from a latency to lie test 
to assess leg weakness (Yair et al., 2015).       
 
1.7 Omega-3 polyunsaturated fatty acids and skeletal development 
Nutrition has a large influence on skeletal growth and development.  This includes 
long chain omega-3 (n-3) polyunsaturated fatty acids (PUFA) such as α-linolenic acid 
(ALA), eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic 
acid (DHA).  In broilers, the latter three fatty acids can be synthesized from ALA through 
a process of carbon chain desaturation and elongation primarily in the liver (Noble and 
Cocchi, 1990).  Alternatively, they can be directly supplemented in the diet using fish oil, 
microalgae or other fat sources. 
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As previously described, enzymes responsible for desaturation of 18 carbon fatty 
acids have an affinity for ALA over linoleic acid (LA), thus elongation of n-3 PUFA are 
preferred over elongation of n-6 PUFA (Kruger et al., 2010).  Arachidonic acid (ARA) is 
an n-6 PUFA that can be synthesized from LA or provided in the diet.  ARA is the precursor 
fatty acid for prostaglandin E2 (PGE2), a proinflammatory eicosanoid that is associated 
with bone pathology when it is over produced (Norrdin et al., 1990; Watkins, 1998) or  
sufficiently suppressed (Watkins et al., 2001a; Derakhshanfar et al., 2013).  Prostaglandins 
can be produced by a variety of tissues and cells, including bone cells, which can influence 
skeletal formation and resorption (Kawaguchi et al., 1995; Watkins et al., 2001c; Kruger 
et al., 2010).      
As explained in several published reviews, PGE2 is the major prostaglandin 
produced by skeletal tissue (Kawaguchi et al., 1995; Watkins et al., 2001a; Watkins et al., 
2001c, b).  PGE2 is a mediator of the resorptive effects of Vitamin D3, hormones, certain 
inflammatory cytokines and biological factors.  PGE2 stimulates the production of 
osteoclasts and mediates their differentiation.  Vitamin D3 metabolism leads to parathyroid 
hormone (PTH) production, which stimulates the mineral resorption of bones (Leeson and 
Summers, 2001; Oviedo-Rondón et al., 2006). Inflammatory cytokines such as certain 
interleukins (IL) and tumor necrosis factor-α (TNFα) are known to induce bone resorption 
and inhibit chondrocyte proliferation (Watkins et al., 2001c).  IL-1 and TNFα in particular 
can induce the production of collagenases and proteases in chondrocytes which results in 
the degradation of collagen and proteoglycans and ultimately the collagen matrix of the 
bone (Arend and Dayer, 1990; Goldring, 2000).      
PGE2 is also the mediator of growth factors and cytokines involved in bone 
formation.  PGE2 can modulate proteins involved with osteoblast differentiation and at low 
levels improve alkaline phosphatase (ALP) activity, a bone formation biomarker (Watkins 
et al., 2001c).  PGE2 was shown to stimulate insulin-like growth factor (IGF)- I (McCarthy 
et al., 1991), a hormone signaling molecule that induces osteoblast differentiation, 
mineralization, and proliferation (Zhang et al., 2012).  However, at high levels PGE2 was 
shown to have negative effects on collagen synthesis in rat bones (Raisz and Fall, 1990) 
and bone formation in broiler chicks (Watkins et al., 1996a; Watkins et al., 1997b).  
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Dietary n-3 PUFA have been shown to reduce tissue levels of PGE2 in broilers 
(Watkins et al., 2003; Bautista-Ortega et al., 2009; Cherian et al., 2009) and decrease the 
production of inflammatory cytokines in broilers (Selvaraj et al., 2010) and other species 
(Bhattacharya et al., 2007; Skuladottir et al., 2007).  It has been demonstrated in 
osteoblastic and chondrocyte cell culture that n-3 PUFA can reduce the activity of and 
cyclooxygenase (COX) and other enzymes responsible for transforming ARA into PGE2 
(Curtis et al., 2000; Watkins et al., 2003; Shen et al., 2008; Hutchins et al., 2011).  Dietary 
n-3 PUFA, specifically EPA, is known to reduce the content of arachidonic acid (ARA) by 
competing for incorporation into lipid stores of phospholipid membranes, a major storage 
site for long chain PUFA, (Kruger and Horrobin, 1997) and by competing with ARA for 
eicosanoid transformation by COX and 5-lipoxygenase (Calder, 2001, 2006b).   
Due to the similar structure of certain long chain n-6 and n-3 PUFA and the 
antagonist nature of long chain n-3 on n-6 uptake and metabolism, dietary n-3 PUFA can 
influence the lipid profile of tissues and cellular membranes.  Watkins et al. (1996a) 
compared the effects of dietary safflower oil verses menhaden oil on the fatty acid profile 
of the proximal tibia cortical bone tissue in broilers.  They found that after 19 days of 
feeding menhaden oil to broilers EPA, DPA, DHA, and total n-3 PUFA was significantly 
increased in the bone tissue.  They also observed a decrease in LA, ARA, total n-6 PUFA, 
and PGE2 in bone tissues.  Furthermore, the broilers fed menhaden oil had greater 
trabecular bone volume and bone formation rate.  In a separate study, broiler chicks fed a 
blend of corn and menhaden oil had increased tibia concentrations of EPA, DPA, DHA, 
and total n-3 PUFA and decreased concentrations of LA, ARA, and total n-6 PUFA 
compared to broilers fed soybean oil, a blend of corn oil and butter, or a blend of corn oil 
and margarine (Watkins et al., 1997b).  In this study, dietary n-3 PUFA were also shown 
to raise IGF-I levels broiler cortical bone and cartilage.  Dietary fish oil when used as a 
source of n-3 PUFA was also shown to alter the fatty acid profile of tibia cortical bone in 
quail.  The fish oil also increase tibia ash percentage, tibia mineral content, tibia calcium 
content, and tibia phosphorus content, tibia biomechanical properties, tibia cortical 
thickness at the diaphysis and distal end, and tibia cortical density at the proximal end 
diaphysis (Liu et al., 2003).  As reviewed by Lau et al. (2013), dietary n-3 PUFA has the 
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ability to alter the bone fatty acid prolife and improve bone mineral density and 
biomechanical strength across various species.        
The femur may be even more sensitive to changes in dietary n-3 PUFA based on 
results published by Li et al. (2010).  Researchers found that when they fed n-3 fatty acid 
deficient, rats’ milk and pellets with supplemental ALA the femur periosteum and bone 
marrow accumulated higher levels of DHA compared to EPA.  When rat diets were 
supplemented with DHA verses ALA, the DHA level in the polar lipid fraction increased 
nearly 10-fold in the femur periosteum and 2-fold in the femur marrow.  These results 
indicate DHA may be a preferred n-3 PUFA at these sites.  This is biologically significant 
since osteogenic cells differentiation at these sites and the polar fraction represents the 
phospholipid layer that is a source for eicosanoids and other fatty acid derived, biologically 
active molecules.  
The chondrocytes of the epiphyseal growth plates of broilers are responsible for 
bone elongation and production of collagen matrix of bone.  The avian chondrocyte cell, 
chondrocyte cell membrane, and matrix vesicles produced by chondrocytes contain many 
fatty acids (Wuthier, 1975; Xu et al., 1994; Abdallah et al., 2014).  During osteogenesis of 
the broiler leg bones, matrix vesicles are released by hypertrophic chondrocytes help to 
initiate mineralization.  Based on the research of Abdallah et al. (2014) using an avian 
model, the matrix vesicles originate from the microvilli of the chondrocyte plasma 
membrane.  The microvilli and matrix vesicle fatty acid profile are very similar and 
indicated to be selective in incorporation of long chain PUFA, particularly n-6 and n-9 
PUFA despite the higher content of ALA and other n-3 PUFA in chondrocyte membranes.  
A separate study has shown that avian epiphyseal growth plate chondrocytes are sensitive 
to n-6 PUFA and exhibit decreased collagen synthesis when cultured with excess LA 
(Watkins et al., 1996b).  Exposure to dietary n-3 early in life resulted in thicker chondrocyte 
proliferative and hypertrophic zones in mice growth plates (Koren et al., 2014).   
Similar to osteocytes, the fatty acid profile and function of chondrocytes are 
sensitive to changes in dietary PUFA.  Broiler chicks fed diets with a blend of menhaden 
oil and corn oil from hatch had increased DPA, DHA, and total n-3 PUFA in the proximal 
tibia growth plate cartilage at 3 weeks of age compared to broiler chicks fed diets with 
soybean oil, especially in the polar lipid fraction (Xu et al., 1994).  By 6 weeks of ages 
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broilers fed diets with menhaden plus corn oil had significantly more EPA, DPA, DHA, 
total n-3 PUFA and less ARA and total b-6 PUFA in the tibia growth plate cartilage than 
broilers fed diets with soybean oil.  Many of these changes were observed in polar and 
neutral lipid fractions.  When chicks were 8 weeks of age, the chondrocytes and matrix 
vesicles of the proximal tibia growth plate had greater amounts of EPA, DPA, and total n-
3 PUFA and lowered amounts of ARA and total n-6 PUFA by feeding a blend of menhaden 
oil and corn oil versus soybean oil.  The same changes were also observed in the articular 
cartilage.                                                   
             
1.8 Zinc and skeletal development 
It is well known that zinc (Zn), an essential trace element and nutrient, is an integral 
component of numerous enzymes and proteins.  These Zn-dependent molecules have 
important roles in numerous biochemical and metabolic functions such as cell growth and 
proliferation, cell differentiation, gene expression, and immunity (Vallee and Falchuk, 
1993; Plum et al., 2010; Haase and Rink, 2014a, b).  Zn is also essential for skeletal 
development, specifically due to its role in stimulating the synthesis of collagen and 
chondroitin for bone matrix and structure formation (Brandao-Neto et al., 1995) as well as 
its role in osteoblast proliferation and activity (Seo et al., 2010).  Although the National 
Research Council (NRC, 1994) recommends broiler diets to contain approximately 40 mg 
Zn/ kg diet, research has linked higher levels of dietary Zn and organic forms of 
supplemental Zn to greater tissue Zn retention (Ao et al., 2006; Sunder et al., 2008; Ao et 
al., 2011).   
The epiphyseal growth plate of broiler chicks needs Zn for bone elongation and 
calcification.  Wang et al. (2002) conducted a study to evaluate the effects of Zn deficiency 
in young broilers on the epiphyseal growth plate.  After hatch, broiler chicks were either 
fed Zn deficient diets or Zn adequate diets for 7 days.  In Zn deficient broiler chicks, the 
proliferating chondrocytes of the growth plate exhibited abnormal morphology.  The 
columnar morphology of the proliferative zone was disrupted and lesions in the growth 
plate became evident.  DNA synthesis in the chondrocyte proliferative zone and 
hypertrophic zones was drastically reduced by 75% after 3 days of feeding Zn deficient 
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diets compared to Zn adequate diets as evidenced by Bromodeoxyuridine (BrdU) labeling 
of cells.  After 7 days of feeding Zn deficient diets DNA synthesis in the growth plate 
barely progressed beyond the levels observed at 3 days of age.  Zn deficiency severely 
limited chondrocyte proliferation and induced apoptosis in the broiler epiphyseal growth 
plate indicating Zn is essential for long bone elongation.   
Apart from chondrocytes in the growth plate, zinc is known to have a role in 
osteoblast proliferation and activity.  Mouse osteoblastic cells (MC3T3-E1 cells) were 
cultured with and treated with increasing concentrations of Zn (0-25 µM)  to study the 
effects of Zn on osteoblast proliferation, enzyme activity, and collagen synthesis (Seo et 
al., 2010).  After 5 days of treating the osteoblast cells with Zn, cell proliferation increased 
in a dose dependent manner.  This observation persisted 10 days after Zn treatment.  
Enzyme activity related to bone formation in the osteoblast itself and secreted by the 
osteoblasts into the cell culture medium also increased in a dose dependent matter.  The 
researchers of this study also found that collagen synthesis and Ca deposition into 
extracellular matrix was increased with Zn treatment of osteoblast cells, indicating the 
stimulating role of Zn on bone mineralization.          
Young, weanling rats were fed increasing concentrations of Zn sulfate to determine 
the effects of dietary Zn supplementation on zinc, DNA synthesis, collagen and calcium, 
and enzyme activity in the femoral diaphysis (Yamaguchi and Takahashi, 1984).  Similar 
to results obtained in osteoblast cell culture (Seo et al., 2010), Zn sulfate increased Zn 
content, DNA synthesis, collagen synthesis, Ca content, and enzyme activity in rat femur 
diaphysis in a dose dependent manner.  Many of these results were observed after 1 or 3 
days after feeding supplemental Zn to rats.  Other trace minerals are known to impact 
skeletal development, but Zn is especially important for bone formation.  A separate study 
by Yamaguchi et al. (1986) fed 3 week old rats increasing concentrations of Zn, cobalt 
(Co), Cu, Mn, or nickel (Ni) and evaluated their effects on bone formation enzyme activity 
and DNA content as an indicator of DNA synthesis.  The researchers found that all trace 
minerals increased bone formation enzyme activity, but Co, Cu, Mn, and Ni decreased 
DNA content in the rat femur.  When Zn was combined with the other trace minerals DNA 
content was improved.  These results demonstrate that out of other trace minerals Zn is 
especially important for bone cell growth and proliferation. 
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Alkaline phosphatase (ALP) appearance in the growth plate is an indicator of 
chondrocyte hypertrophy and calcification (Pines and Hurwitz, 1991).  It is also an 
important biomarker of bone formation as a measure of osteoblast proliferation and 
differentiation (Seo et al., 2010).  Zn has been indicated as a cofactor for ALP (Wang et 
al., 2002; Palacios, 2006).  Zn deficiency reduces ALP activity in osteoblastic cell culture 
(Kwun et al., 2010), whereas Zn supplementation increases ALP activity in osteoblastic 
cell culture (Seo et al., 2010), growth plate chondrocyte cell culture (Litchfield et al., 1998), 
and rat femur in vivo (Yamaguchi and Takahashi, 1984; Yamaguchi and Yamaguchi, 
1986).  There are other enzymes produced during skeletal growth and development, but 
ALP was shown to be particularly sensitive to Zn compared to some other bone tissue 
enzymes.  Yamaguchi and Yamaguchi (1986) fed 1.0 mg Zn /100 g body weight to 
weanling rats.  After only one day of feeding supplementation Zn, ALP activity was 
significantly increased (P<0.05) compared to rats not fed supplemental Zn.  The enzymes 
in femur bone tissue succinate dehydrogenase, 5’-nucleotidase, ATPase, pyrophosphatase, 
and β-N-acetylglucosaminidase remained unchanged with Zn supplementation.       
In addition to Zn supplementation, Zn source can affect bone metabolism.  In 2004, 
Yamaguchi et al. reported that dietary supplementation of organic Zn vs ZnO increased 
ALP activity in rat femur diaphysis after 1 week of feeding (Yamaguchi et al., 2004).  In 
the same study, organic Zn increased the Ca content of rat femur diaphysis and metaphysis 
and serum Zn content over ZnO (Yamaguchi et al., 2004).  These results indicate organic 
Zn was more bioavailable and had a greater impact on leg bone development than inorganic 
Zn.   
In broilers, the tibia is especially sensitive to dietary Zn level and source (Sandoval 
et al., 1998; Ao et al., 2006; Sunder et al., 2008; Ao et al., 2011).  In regards to breeder 
trace mineral source, a blend of organic and inorganic Cu, Mn and Zn supplementation in 
broiler breeder diets improved offspring tibia and femur diaphysis width at 14 days of 
embryonic development compared to inorganic trace mineral supplementation alone 
(Favero et al., 2013).  Kidd et al. (1992) found that tibia dry weight was greater in offspring 
from breeders fed organic Zn vs inorganic Zn.  Ash content remained the same between 
the two groups.  Dry weight accounts for the organic and inorganic components of bone 
whereas ash accounts mainly for the inorganic portion of bone.  Their results indicate that 
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dietary breeder Zn source may have affected the organic portion of offspring bone which 
contains collagen, protein, enzymes, etc.    
 
1.9 Organization of the broiler industry 
The U.S. broiler industry has a highly, vertically integrated structure, meaning that 
a poultry firm typically owns or controls the feed ingredients used to mix rations, the feed 
mill, the hatchery, processing plant, and post-processing systems.  In this structure the 
poultry firm contracts growers to manage breeder or broiler houses and works with allied 
partners that may either supply primary breeders, rendering services, or have some role in 
the distribution, export and sale of chicken products from the processing plant/post-
processing facilities  (MacDonald, 2014; National Chicken Council, 2019b).   The 
organization of a vertically integrated U.S. poultry firm is depicted in Figure 1.4. 
 
Figure 1.4 Vertical Integration of Poultry Firm 
 
Adapted from National Chicken Council (2019b) and MacDonald (2014) 
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CHAPTER 2. Effects of Microalgae Level and Zn Source Supplementation in Broiler 
Breeder diets on Broiler Breeder Pullet Growth, Uniformity, and Leg Bone Quality  
 
ABSTRACT 
 
Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) and zinc (Zn) are known to 
improve bone quality in poultry species.  FORPLUS™ (Alltech, Inc.) is an unextracted, 
whole-cell microalgae (Aurantiochytrium limacinum CCAP 4087/2) source of n-3 PUFA 
and DHA in particular.  Bioplex® Zn (Alltech, Inc.) is a Zn-proteinate product that is more 
bioavailable to poultry than some other sources of inorganic Zn.  A 2x2 factorial, 
randomized complete block study was designed to evaluate the dietary effects of 
FORPLUS™ level (0% vs 2%) and Zn source (Bioplex® Zn vs ZnO) on growth 
performance, BW uniformity and leg bone quality of broiler breeder pullets.  A total of 
440, one day old Cobb 500™ broiler breeder pullet chicks were randomly assigned to 4 
dietary treatments.  The pullets were divided into 5 replicate floor pen groups per dietary 
treatment with 22 pullets per group.  The 4 dietary treatments were 1) corn-soybean meal 
based diet + 40 mg ZnO/kg diet, 2) diet 1 + 2% FORPLUS™, 3) corn-soybean meal based 
diet + 40 mg Bioplex® Zn/kg diet, 4) Diet 3 + 2% FORPLUS™.  At 3 wk of age, pullet 
body weight gain (BWG), feed intake (FI), FI: BWG (FC) was measured.  Bi-weekly BW 
and BW uniformity were obtained from 3-20 wk of age. Tibias and femurs were collected 
for length, breaking strength, ash %, and ash mineral content measurements at 3 and 6 wk 
of age.  At 16 wk of age tibias and femurs were analyzed for breaking strength, ash %, and 
ash mineral content.  At 20 wk of age tibias and femurs were analyzed for bone breaking 
strength.    At 3 wk of age pullets fed diets with 2% FORPLUS™ had lower (P≤0.05) BWG 
and FI compared to pullets fed diets without FORPLUS™.  At 5 wk of age pullets had 
lower (P≤0.05) BW when fed 2% vs 0% FORPLUS™.  When pullets were 19 and 20 wk 
of age BW was increased (P≤0.05) by 2% vs 0% FORPLUS™ or Bioplex® Zn vs ZnO.  
An interaction effect of breeder dietary factors was observed for pullet BW uniformity 
during 3-20 wk of age.  Pullets fed 0% FORPLUS™ + Bioplex® Zn had improved (P≤0.05) 
BW uniformity over pullets fed 0% FORPLUS™ + ZnO.    At 3 wk of age, pullets fed diets 
with 2% FORPLUS™ had greater (P≤0.05) femur length, femur ash %, tibia ash Mn 
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content.  However, 2% FORPLUS™ also reduced (P≤0.05) tibia ash Cu and Zn content as 
well as femur ash Zn content.  Pullets fed diets with Bioplex® Zn had less (P≤0.05) femur 
ash Cu compared to pullets fed ZnO.  At 6 wk of age, pullets fed diets with 0% 
FORPLUS™ + Bioplex® Zn had increased (P≤0.05) femur ash percentage and Ca content 
in femur ash, but decreased tibia and femur ash Fe content compared to all other treatments, 
except for 2% FORPLUS™ + ZnO in the case of femur ash Ca content.  Pullets fed diets 
containing 2% vs 0% FORPLUS™ had decreased tibia breaking strength and tibia ash Zn 
content.  At 16 wk of age, only main effects of dietary Zn source were observed on femur 
breaking strength and ash Cu content.  Bioplex® Zn vs ZnO reduced femur breaking 
strength and ash Cu content.    Based these results FORPLUS™ improved femur quality 
while reducing growth performance early in life.  As pullets aged FORPLUS™ or Bioplex® 
Zn improved BW, while Bioplex® Zn supplementation without FORPLUS™ had the most 
positive impact on BW uniformity.                             
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2.1 Introduction 
Leg weakness and lameness as a result of skeletal leg disorders and deformities are 
issues that cause concern for animal welfare and negatively affect the poultry industry. 
Skeletal leg disorders and deformities pose a welfare concern because they may cause pain 
and impair a bird’s ability to walk, thereby disrupting normal eating and drinking habits 
and behaviors (Kestin et al., 1992; Bradshaw et al., 2002; Dinev, 2009; Nääs et al., 2009). 
Consequences of moderate to severe lameness in broilers are lower growth rates, culling, 
processing downgrades, and ultimately profit losses (Bradshaw et al., 2002; Knowles et 
al., 2008; Dinev, 2009; Gocsik et al., 2017; Wijesurendra et al., 2017).  It is estimated that 
lameness affects an average of 21.4% of European broiler flocks and approximately 3.0% 
of broilers may need to be culled due to severe lameness (Bassler et al., 2013; Marchewka 
et al., 2013; Kittelsen et al., 2015; Tullo et al., 2017; Granquist et al., 2019).  In the United 
States there is a lack of recent, comprehensive studies on the incidence of lameness in 
broilers, although it has been claimed that up to 6% of broilers have obvious skeletal 
abnormalities or leg problems and 2% of broiler flocks suffer losses due to lameness 
(Dunkley, 2007; Mitchell, 2014).  Leg weakness and disorders are not commonly observed 
in feed restricted broiler breeder flocks, however very little is known about the prevalence 
of leg weakness in broiler breeder flocks (EFSA, 2010).  Even less is known about the leg 
quality of broiler breeders during pullet rearing and growth.   
Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) are known to improve 
bone quality in poultry species (Watkins et al., 1996a; Watkins et al., 1997b; Liu et al., 
2003; Fleming, 2008).  FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell 
microalgae (Aurantiochytrium limacinum CCAP 4087/2) source of n-3 PUFA.  It is a high 
fat yielding microalgae that contains 64% fat with 16% of that fat as docosahexaenoic acid 
(DHA).  Microalgae rich in n-3 PUFA may be considered as a sustainable, alternative to 
fish oil which is a common source of n-3 PUFA in poultry diets.  It is well known that zinc 
(Zn), an essential trace element and nutrient, is an integral component of numerous 
enzymes and proteins.  These Zn-dependent molecules have important roles in numerous 
biochemical and metabolic functions such as cell growth and proliferation, cell 
differentiation, gene expression, and immunity (Vallee and Falchuk, 1993; Plum et al., 
2010; Haase and Rink, 2014a, b).  Zn is also essential for skeletal development, specifically 
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due to its role in stimulating the synthesis of collagen and chondroitin for bone matrix and 
structure formation (Brandao-Neto et al., 1995) as well as its role in osteoblast proliferation 
and activity (Seo et al., 2010).  Bioplex® Zn (Alltech, Inc.) is a Zn-proteinate product that 
is more bioavailable to poultry than some other sources of inorganic Zn (Ao et al., 2006; 
Ao et al., 2011).  The objective of this study was to evaluate two levels of dietary 
FORPLUS™ and two sources of Zn on broiler breeder pullet growth, uniformity, and leg 
bone quality. 
2.2 Materials and Methods 
The following study was conducted in compliance with protocols approved by the 
University of Kentucky Institutional Animal Care and Use Committee.  
 
2.2.1 Experimental Design 
The experimental design used for this study was a completely randomized block 
design with a 2x2 factorial treatment arrangement consisting of 2 levels of FORPLUS™ 
supplementation (0 vs 2%) and two sources of supplemental Zn (ZnO vs Bioplex® Zn).  A 
total of 440, one day old Cobb 500™ broiler breeder pullet chicks were obtained from a 
local hatchery (Cobb-Vantress, Monticello, KY) and randomly assigned to four dietary 
treatments.  The broiler breeder pullets were divided into 5 replicate floor pen groups per 
dietary treatment with 22 pullets per group.  The four dietary treatments were 1) corn-
soybean meal based diet + 40 mg ZnO/kg diet, 2) diet 1 + 2% FORPLUS™, 3) corn-
soybean meal based diet + 40 mg Bioplex® Zn/kg diet, 4) Diet 3 + 2% FORPLUS™.  The 
diets were formulated to meet or exceed nutrient requirements as recommended by the 
National Research Council (1994).  The broiler breeder pullets remained on these dietary 
treatments throughout the starter (0-8 weeks of age), grower (8-19 weeks of age), and pre-
lay (19-20 weeks of age) phases (Table 2.1, Table 2.2, Table 2.3).  Broiler breeder pullets 
were given ad libitum access to feed and water via a hanging feeder and hanging nipple 
drinkers for the first three weeks after placement.  Afterwards they were switched to a 
restricted feeding regimen as per the Cobb® Breeder Management Guide (Cobb-Vantress, 
2012).  Feed allotment was then provided daily in a feeding trough.   
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The broiler breeder pullets were housed in floor pen units that measured 
approximately 1.22 x 1.83 sq. meters.  Pen location served as the blocking factor for this 
study.  The litter for each pen was 100% large flake, pine wood shavings supplied at 
approximately 3.66 cu. meters per pen and was changed as needed.  Broiler breeders were 
raised in an ambient temperature range of 18.3 to 29.4 °C.  Photostimulation was provided 
at 8 hours of light and 16 hours of darkness soon after placement until 18 weeks of age, 10 
hours of light and 14 hours of darkness from 18-19 weeks of age, 11 hours of light and 13 
hours of darkness from 19-20 weeks of age, and 13 hours of light and 11 hours of darkness  
from 20-21 weeks of age.               
 
2.2.2 Early Growth Performance Measurements 
Early growth performance from placement to 3 weeks of age was measured while 
broiler breeder pullets were given ad libitum access to feed.  Body weight (BW) by pen 
was recorded at placement and measured weekly thereafter to calculate average body 
weight gain (BWG).  The average feed intake (FI) by pen was measured each week and 
used to calculate feed conversion (FC) represented by the ratio of FI to BWG.  All 
measurements of BWG, FI, and FC were corrected for mortality.    
 
2.2.3 Body Weight Uniformity 
Starting at 3 weeks of age, BW uniformity was measured every other week by 
collecting the individual body weight of each pullet.  Individual BW were recorded and 
mean BW of each pen was calculated.  BW uniformity was expressed as a percentage of 
the number of broiler breeder pullets whose BW was outside ± 20% mean pen BW out of 
the total number of broiler breeder pullets in each pen.          
 
2.2.4 Bone Length, Mechanical Testing, Ash Determination, and Mineral 
Analysis 
When broiler breeder pullets were 3 weeks of age, 1 broiler breeder pullet per pen 
was randomly selected and euthanized by argon gas asphyxiation followed by cervical 
dislocation.  Tibias and femurs were collected for bone length measurements, mechanical 
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testing, ash determination, and mineral analysis.  Bone length measurements were obtained 
using digital calipers.  The tibias and femurs were cleaned of flesh and then subjected to a 
three-point bending mechanical analysis (Instron Testing Instrument, model 4301) to 
obtain peak breaking strength.  The midshaft of tibias and femurs were positioned 
perpendicular to a steel wedge probe with the anterior side of the bone facing probe.  A 
load force of 100 kg was applied to the midshaft of the bone at 40mm/min until peak 
breaking strength was determined.   
For ash determination, tibias and femurs were boiled for 15 minutes in deionized 
water to aid in removal of flesh.  Excess flesh and cartilage caps were removed from the 
bones.  They were then oven dried at 60°C for 72 hours.  Afterwards, bones were soaked 
in 100% petroleum ether until fat residues were removed.  The bones were then oven dried 
overnight at 105°C in porcelain crucibles to obtain the dry weight.  After drying, bones 
were ashed in a muffle furnace at 600°C for 6 hours (Ao et al., 2006).  Ash percentage of 
each bone was calculated and expressed as a percentage of dry weight. 
Ashed bones were homogenized and used for mineral analysis.  Approximately 0.2 
grams of bone ash was microwave digested in 8 ml concentrated nitric acid (TraceMetal™ 
Grade, Fisher Scientific), 2 ml concentrated hydrochloric acid (TraceMetal™ Grade, 
Fisher Scientific), and 10 ml of deionized water using CEM Microwave Accelerated 
Reaction System 6 VessExpress program.  Acid digested samples were then diluted to with 
deionized water for trace mineral, Ca, and P analysis using inductively coupled plasma-
optical emission spectrum (Agilent Technologies Inc ICP-OES, model 5110). 
Using the procedures described above, tibia and femur were collected at 6 weeks 
of age for bone length, peak breaking strength, ash determination, and mineral analysis.  At 
16 weeks of age bone peak breaking strength, ash determination and mineral analysis were 
obtained.  At 20 weeks of age bone breaking strength was also obtained.             
 
2.2.5 Statistical Analysis 
Early growth performance and bone measurement data were subjected to a two-
way analysis of variance using the general linear model procedures of SAS® Software, 
version 9.4 (SAS, 2016).  The model included the fixed effect of block by experimental 
unit (floor pen) location, the main effect of dietary FORPLUS™ level, the main effect of 
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supplemental Zn source and the interaction effect of those two factors.   Repeated measures 
of BW and BW uniformity over time were analyzed using GLIMMIX procedures of SAS® 
Software, version 9.4 (SAS, 2016).  The model included the main effect of dietary 
FORPLUS™ level, the main effect of supplemental Zn source, the main effect of time, the 
interaction effect of dietary FORPLUS™ level and supplemental Zn source, the interaction 
effect of dietary FORPLUS™ level and time, the interaction effect of supplemental Zn 
source and time, and the interaction effect of dietary FORPLUS™ level, supplemental Zn 
source and time.  The variance of the data was weighted using the Satterthwaite 
Approximation.  Time was treated as a random effect and the data was determined to have 
a first-order autoregressive covariance structure. For all post hoc analyses, mean values 
were separated and compared using Fisher’s protected least significant difference test. 
Mean values were declared significantly different for P values ≤ 0.05. 
2.3 Results and Discussion 
2.3.1 Early Growth Performance 
Three weeks after placement, a main effect of dietary FORPLUS™ level was 
observed on pullet early growth performance (Table 2.4).  The pullets who had ad libitum 
access to diets supplemented with 2% FORPLUS™ had significantly lower (P≤0.05) BWG 
(577 vs 604 g/b) and FI (974 vs 1048 g/b) compared to pullets who consumed diets not 
supplemented with FORPLUS™.  Broiler chicks who were fed a diets enriched with n-3 
PUFA with redfish meal exhibited lower live weight at 21 days compared to broiler chicks 
fed diets without redfish meal (Hulan et al., 1989).  Reduced feed consumption was 
observed in broilers fed diets with redfish meal.   Similar findings were observed on early 
growth performance when broilers were fed n-3 PUFA enriched diets via fish oil 
supplementation (Hulan et al., 1988; Schreiner et al., 2005; Maroufyan et al., 2012).  The 
authors cited reduced palatability or insufficient vitamin and mineral antioxidant capacity 
in the diet to protect the long chain fatty acids from degradation.  Increased dietary PUFA 
in humans has been liked to increased oxidative stress due to lipid peroxidation (Jenkinson 
et al., 1999).  Based on the results in a human clinical trial, it was recommended when 
dietary PUFA is increased to also increase dietary vitamin E to protect against oxidative 
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stress.  Palatability of the microalgae used in this study was also not evaluated therefore it 
is unknown if microalgae inclusion affected FI and consequently BWG due to palatability.  
Due to proportionate FI to BWG, no difference in FC was detected.  No interaction between 
dietary FORPLUS™ level and Zn source was observed for pullet early growth 
performance.          
 
2.3.2 Pullet BW and BW Uniformity 
No interaction between dietary FORPLUS™ level and Zn source was observed for 
pullet BW from 3-20 weeks of age, although a main effect of dietary FORPLUS™ level 
was observed (Figure 2.1).  When pullets were 5 weeks of age, BW was decreased (P≤0.05) 
by dietary supplementation of 2% FORPLUS™ (849 vs 894 g).  Diets enriched with n-3 
PUFA have been shown to depress BW and FI in broilers during the first 6 weeks of life 
(Hulan et al., 1988; Hulan et al., 1989; Schreiner et al., 2005; Maroufyan et al., 2012).  In 
Abdelnour et al.’s review of the use of microalgae Chlorella spp. in broiler feeds, inclusion 
rates of up to 10% did not adversely affect growth performance (Abdelnour et al., 2019).  
Microalgae vary in fat content and composition.  The Chlorella spp. was cited as containing 
12.8% fat (Kang et al., 2013) whereas Aurantiochytrium limacinum contains 64% or more 
fat.  One study using Aurantiochytrium limacinum in broiler diets did not detect any 
negative affects broiler BWG or FI through 42 days of age (Moran et al., 2018), suggesting 
a tolerance of up to 5% supplementation.  In contrast, 1% supplementation of 
Aurantiochytrium limacinum in broiler diets decreased broiler BW and FI at 21 and 42 days 
of age (Keegan et al., 2019).  In Moran et al.’s study (2018), fat comprised approximately 
5.0-5.7% of the broiler diet while in Teegan et al.’s study (2019) broiler diets contained 
6.5-6.9% fat.  Although both studies supplemented diets with vitamins and minerals, it is 
unclear if differences in basal diet composition (corn/soybean meal based diet in the Moran 
study vs corn/wheat/soybean meal based diet in the Keegan study) affected endogenous 
sources of vitamins and minerals and nutrient availability and consequently their 
antioxidant capacity.  In the current study vitamin supplementation levels remained the 
same for all dietary treatments throughout the starter, grower, and pre-lay phases and daily 
controlled feeding began after 3 weeks of age.  In the starter and grower phases, Fe 
supplementation was increased but Mn supplementation was reduced compared to the pre-
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lay phase.  Wheat middlings were added to the starter and grower diets to control BW but 
it was removed in the pre-lay phase.  Wheat middlings are by products of the wheat flour 
milling industry and contain nonstarch polysaccharides, such as arabinoxylan.  Diets with 
supplementation of wheat middlings have been shown to lower nutrient digestion, such as 
Ca, in laying hens compared to diets without wheat middlings (Jaroni et al., 1999), however 
Ca digestion did improve after 10 weeks.  In a pig model, diets supplemented with a soluble 
wheat arabinoxylan rich fraction slowed down the digestion of triglycerides and absorption 
of free fatty acids (Gunness et al., 2016).  Nonstarch polysaccharides have also been noted 
to reduce lipid digestibility in chickens (Annison, 1993).  For this study, it may be possible 
that basal diet nutrient composition in the starter and grower phases interfered with nutrient 
and lipid digestibility and absorption however that cannot be confirmed since those 
variables were not tested in this study.   
Current management practices support the controlled growth of broiler breeder 
pullets early on in life because BW is closely linked with future reproductive performance 
(Cobb-Vantress, 2012).  Growth rate is negatively correlated with reproductive 
performance and pullets that become overweight during the growing phase may experience 
reduced egg production and higher mortality later on in life (Leeson and Summers, 2010; 
Kleyn, 2013).  By 7 weeks of age there was no longer a detectable difference in pullet BW.  
However, during the pre-lay phase at 19 and 20 weeks of age 2% FORPLUS™ 
significantly increased (P≤0.05) pullet BW to 2018 and 2189 g, respectively.  The pullets 
fed 2% FORPLUS™ reached BW closer to Cobb-Vantress (2012) recommendations for 
19 and 20 weeks of age (2090 and 2250 g, respectively) compared pullets fed diets with 
0% FORPLUS™ who at 19 and 20 weeks of age reached BW of 1969 and 2132 g, 
respectively.  As pullets mature and prepare for lay they experience an acceleration of BW 
(Cobb-Vantress, 2012).  Previous research indicates that pullet BW at 20 weeks old can 
influence reproductive performance later on in life, with lighter pullets underperforming in 
terms of broken eggs, fertility, and number of chicks produced per hen (Robinson et al., 
1995).      
During pullet growth from 3-20 weeks of age, a main effect of dietary Zn source 
on BW was also observed (Figure 2.2).  During the pre-lay phase, dietary supplementation 
of Bioplex® Zn increased (P≤0.05) pullet BW vs ZnO at 19 and 20 weeks of age (2015 vs 
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1971 g at 19 weeks and 2192 vs 2129 g at 20 weeks).  The pullets fed diets supplemented 
with Bioplex® Zn had BW closer to Cobb-Vantress (2012) recommendations (2090 g at 19 
weeks of age and 2250 g at 20 weeks of age) than pullets fed diets with ZnO.  As previously 
discussed, pullets that were under BW target for 20 weeks of age were found to have lower 
reproductive performance later on in life (Robinson et al., 1995).  Elemental Zn is an 
integral component of numerous enzymes and proteins involved in growth (Vallee and 
Falchuk, 1993; Brandao-Neto et al., 1995).  Previous broiler studies have demonstrated 
that Bioplex® Zn has a higher bioavailability than other forms of inorganic Zn and can 
improve growth performance variables such as BW (Ao et al., 2006; Sahraei et al., 2012).  
In a short amount of time broilers undergo rapid growth and require Zn to support that 
growth.  Similarly, during the pre-lay phase pullets experience accelerated growth to 
prepare for sexual maturity (Leeson and Summers, 2010; Kleyn, 2013).  These results 
indicate that Zn source impacts growth rate in preparation for lay.   
An interaction between dietary FORPLUS™ level and Zn source was observed for 
pullet BW Uniformity from 3-20 weeks of age (Table 2.5).  BW uniformity was 
significantly improved (P≤0.05) in pullets fed diets with Bioplex® Zn than ZnO (85.5 vs 
78.3%) when combined with 0% FORPLUS™.  Pullet BW uniformity in feed restricted 
pullets determines the reproductive performance through peak egg production and beyond.  
Higher pullet BW uniformity has been implicated in improved hen egg production (Abbas 
et al., 2010).   
 
2.3.3 Bone Length, Mechanical Testing, Ash Determination, and Mineral 
Analysis 
When pullets were 3 weeks of age no dietary effects on tibia length, tibia and femur 
breaking strength, or tibia ash percentage were observed.  Main effects of dietary 
FORPLUS™ level were observed on pullet femur length and femur ash percentage (Table 
2.6).  Broiler breeder pullets fed diets supplemented with 2% FORPLUS™ had greater 
(P≤0.05) femur length and femur ash percentage and tended (P=0.08) to have greater tibia 
ash percentage compared to pullets fed diets without FORPLUS™.  Exposure to dietary n-
3 PUFA at a young age accelerated bone growth and improved bone quality in mice (Koren 
et al., 2014).  The femur may be even more sensitive to changes in dietary n-3 PUFA, 
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especially DHA, based on results from Li et al. (2010).  Supplementation of DHA in rat 
diets increased bone mineral content in rat femurs (Li et al., 2010).  Moreover, DHA is 
critical for osteoblastogenesis and bone formation during bone modelling in young animals 
(Watkins et al., 2003).  It also activates free fatty acid receptor 4 in mature osteoblasts and 
osteoclasts to stimulate bone formation and decrease resorption, respectively (Ahn et al., 
2016).  Dietary supplementation of n-3 PUFA with fish oil has been shown to increase 
bone ash percentage in quail (Liu et al., 2003) and increase tibia bone breaking strength 
and ash percentage in broilers (Fleming, 2008).  Bone strength is a response to the 
mechanical load environment, endocrine system, trabecular and cortical bone makeup, 
organic and inorganic properties, and structural properties (Hart et al., 2017).  Therefore, 
this measure of bone quality may not always coincide with bone ash percentage, a measure 
of inorganic content of bone. 
Main effects of dietary FORPLUS™ level were observed on pullet tibia ash mineral 
content (Table 2.7) and femur ash mineral content (Table 2.8) when pullets were 3 weeks 
of age.  FORPLUS™ supplemented at 2% vs 0% in pullet diets increased Mn content in 
tibia ash while reducing Cu and Zn content.  Similar to the tibia ash, femur ash tended 
(P=0.06) to have an increase in Mn content and had a significant decrease in Zn content.  
Dietary FORPLUS™ at the 2% level may enhance Mn bone mineral retention at the 
expense of Cu and Zn.  Mn, Cu and Zn absorption can be influenced by dietary lipid source.  
Rats fed diets enriched with PUFA by safflower oil had greater Mn absorption and 
retention in tissues compared to rats fed diets enriched with saturated fat via stearate 
(Finley and Davis, 2001).  However increased dietary PUFA has been linked to decreased 
Cu and Zn absorption and retention in animals and humans (Lukaski et al., 2001; Chow, 
2007). 
A main effect of dietary Zn source was also observed on femur ash mineral content 
when pullets were 3 weeks of age (Table 2.8).  Pullets fed diets with Bioplex® Zn had 
reduced copper content in femur ash compared to pullets fed diets with ZnO.  This may be 
due to trace mineral antagonisms.  Research with quail has demonstrated antagonism of 
dietary Zn on Cu, Fe, and Mn even when supplied at practical levels (Hamilton et al., 1979).  
Breeders fed organic Zn produced eggs with lower Cu content giving evidence that trace 
mineral antagonisms exist despite mineral form (Sun et al., 2012).  Organic Mn antagonism 
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of Zn and Cu retention in tibia and liver tissues have also been reported in broilers (Sunder 
et al., 2013).  
At 6 weeks of age no effects of diet was observed on tibia length, tibia ash 
percentage, femur length, or femur breaking strength (Table 2.9), but an interaction of 
dietary FORPLUS™ level and Zn sources was observed for femur ash percentage (Table 
2.9), tibia ash Fe content (Table 2.10), femur ash Fe content (Table 2.11), and femur ash 
Ca content (Table 2.11).  Pullets fed diets with 0% FORPLUS™ + Bioplex® Zn had 
increased femur ash percentage, increased Ca content in femur ash, but decreased tibia and 
femur ash Fe content compared to all other treatments, except for 2% FORPLUS™ + ZnO 
in the case of femur ash Ca content.  When dietary n-3 PUFA are elevated it results in 
enhanced bone Ca content in quail (Liu et al., 2003) and rats (Claassen et al., 1995).   Zinc 
is known to have a role in osteoblast proliferation and activity (Seo et al., 2010) and bone 
formation (Yamaguchi and Takahashi, 1984; Yamaguchi et al., 1986; Yamaguchi and 
Yamaguchi, 1986; Yamaguchi, 1998).  In young rats, supplemental Zn sulfate increased 
the Ca content in femurs in a dose-dependent manner (Yamaguchi and Takahashi, 1984).  
In a later study, organic Zn was found to increase the calcium content of rat femur diaphysis 
and metaphysis over ZnO (Yamaguchi et al., 2004).  Based on these results, Bioplex® Zn 
may aid in inorganic bone formation and calcification.  However, as previously discussed 
and as reported in other studies, it also may be antagonistic to other trace minerals such as 
Cu, Fe, and Mn (Hamilton et al., 1979; Sun et al., 2012; Sunder et al., 2013).   
At 6 weeks of age main effects of dietary FORPLUS™ level were observed on tibia 
breaking strength (Table 2.9) and tibia ash Zn content (Table 2.10).  Pullets fed diets 
containing 2% FORPLUS™ had decreased tibia breaking strength and tibia ash Zn content 
compared to pullets fed diets without FORPLUS™.  The Femur ash Zn content also tended 
(P = 0.06) to decrease for pullets fed 2% FORPLUS™.  The reduced tibia breaking strength 
may be a direct result of lowered Zn content in the bone.  As previously mentioned, dietary 
lipids can be antagonistic towards trace minerals absorption and retention including Zn 
(Lukaski et al., 2001; Chow, 2007).                            
At 16 weeks of age no effects of pullet diet were observed for tibia breaking 
strength, tibia ash percentage, femur ash, or tibia ash mineral content (Table 2.12, Table 
2.13).  A main effect of dietary Zn source was observed for femur breaking strength (Table 
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2.12) and femur ash Cu content (Table 2.14).  Pullets fed diets with Bioplex® Zn had 
decreased femur breaking strength and femur ash Cu content compared to pullets fed diets 
ZnO.  The reduced breaking strength may be a direct consequence of insufficient Cu 
content in the bone to support collagen cross linking and consequently bone elasticity 
(Oviedo-Rondón et al., 2006; Palacios, 2006; Hart et al., 2017).  A main effect of dietary 
FORPLUS™ level was also observed on femur ash P content when pullets were 16 weeks 
of age (Table 2.14).  2% FORPLUS™ increased femur ash P content compared to 0% 
FORPLUS™.  These findings are similar to those of Liu et al. (2003), who found increased 
P content in quail tibia with dietary n-3 PUFA enhancement with fish oil.     
When pullets were 20 weeks of age, diet was not found to affect tibia or femur bone 
breaking strength (Table 2.15).       
 
2.4 Summary and Conclusions 
Supplementation of dietary FORPLUS™ in broiler breeder pullet diets reduced 
early growth performance during the first 5 weeks after hatch but increased skeletal leg 
bone length and ash percentage.  FORPLUS™ influenced trace mineral content of the bone 
by increasing Mn content and decreasing Cu and Zn content.  As broiler breeder pullets 
entered the growth stage Zn content in the bone continued to be reduced by FORPLUS™ 
most likely causing a reduction in bone breaking strength.  However, as broiler breeders 
entered pre-lay phase FORPLUS™ did not affect bone breaking strength and pre-lay BW 
was increased. 
Bioplex® Zn did not impact growth performance in the starter and grower phase of 
broiler breeder pullet rearing.  When pullets reached the pre-lay phase, Bioplex® Zn 
supplementation increased BW.  Bioplex® Zn without FORPLUS™ supplementation 
resulted in the best BW Uniformity.  It also increased bone ash and bone Ca content early 
in the grower phase, however later in the grower phase Bioplex® Zn became antagonist 
towards Cu and resulted in reduced bone breaking strength. 
The results from this study indicate FORPLUS™ or Bioplex® Zn supplementation 
had positive effects on early life bone quality and pre-lay BW, however both products 
exhibited trace mineral antagonisms during growth.   
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2.5 Figures and Tables 
Table 2.1 Diet and nutrient composition of broiler breeder starter diets 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 
Corn 60.1 54.8 60.1 54.8 
Soybean meal (48% CP) 25.0 24.0 25.0 24.0 
Wheat middlings 11.0 15.4 11.0 15.4 
FORPLUS™ - 2.00 - 2.00 
Limestone (38% Ca) 1.25 1.25 1.25 1.25 
Dicalcium Phosphate 1.72 1.67 1.72 1.67 
Salt, iodized 0.38 0.38 0.38 0.38 
Vitamin premix1  0.25 0.25 0.25 0.25 
ZnO mineral premix2 0.10 0.10 - - 
Bioplex® Zn mineral premix3 - - 0.10 0.10 
DL-Methionine 0.21 0.22 0.21 0.22 
Total 100 100 100 100 
     
Nutrient Composition     
AMEn, kcal/kg 2862 2862 2862 2862 
Protein, %4 16.0 17.9 19.3 18.8 
Ca, %4 0.97 0.97 0.96 0.97 
Avail. P, % 0.45 0.45 0.45 0.45 
TSAA, %4 0.78 0.77 0.77 0.78 
Lysine, %4 1.00 1.02 0.97 1.00 
Na, % 0.20 0.20 0.20 0.20 
Total Zn, mg/kg4 73.1 77.9 95.5 88.2 
Crude Fat, %4 4.83 4.94 4.49 4.82 
DHA, %4 0.00 0.33 0.00 0.33 
Total n-3 PUFA, %4 0.14 0.45 0.14 0.45 
Total n-6 PUFA, %4 2.60 1.97 2.38 1.89 
n-6: n-3 PUFA 19.2 4.33 16.9 4.18 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU 
vitamin E, 22.0 µg of vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as 
menadione), 1.98 mg of thiamine, 6.6 mg of riboflavin, 11 mg of d-pantothenic acid, 
3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 6mg Cu as CuSO4.H2O, 30mg Fe as 
FeSO4.H2O, 60mg Mn as MnSO4.H2O, 40mg Zn as ZnO, 0.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 6mg Cu as CuSO4.H2O, 30mg Fe as 
FeSO4.H2O, 60mg Mn as MnSO4.H2O, 40mg Zn as Bioplex
® Zn, 0.5mg I as KIO3 
4Analyzed value 
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Table 2.2 Diet and nutrient composition of broiler breeder grower diets 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 
Corn 62.1 56.8 62.1 56.8 
Soybean meal (48% CP) 17.7 16.7 17.7 16.7 
Wheat middlings 16.5 20.8 16.5 20.8 
FORPLUS™ - 2.00 - 2.00 
Limestone (38% Ca) 1.32 1.32 1.32 1.32 
Dicalcium Phosphate 1.45 1.43 1.45 1.43 
Salt, iodized 0.38 0.38 0.38 0.38 
Vitamin premix1  0.25 0.25 0.25 0.25 
ZnO mineral premix2 0.10 0.10 - - 
Bioplex® Zn mineral premix3 - - 0.10 0.10 
DL-Methionine 0.14 0.14 0.14 0.14 
L-Lysine 0.10 0.10 0.10 0.10 
Total 100 100 100 100 
     
Nutrient Composition     
AMEn, kcal/kg 2865 2865 2865 2865 
Protein, %4 17.1 16.2 17.0 17.1 
Ca, %4 1.09 1.25 1.12 1.38 
Avail. P, % 0.40 0.40 0.40 0.40 
TSAA, %4 0.51 0.55 0.66 0.59 
Lysine, %4 0.85 0.83 0.94 0.90 
Na, % 0.18 0.18 0.18 0.18 
Total Zn, mg/kg4 72.8 75.6 84.3 91.9 
Crude Fat, %4 5.24 6.98 6.12 7.60 
DHA, %4 0.00 0.42 0.01 0.40 
Total n-3 PUFA, %4 0.14 0.58 0.16 0.60 
Total n-6 PUFA, %4 2.72 2.98 3.22 3.40 
n-6: n-3 PUFA 19.7 5.10 20.2 5.65 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU 
vitamin E, 22.0 µg of vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as 
menadione), 1.98 mg of thiamine, 6.6 mg of riboflavin, 11 mg of d-pantothenic acid, 
3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 6mg Cu as CuSO4.H2O, 30mg Fe as 
FeSO4.H2O, 60mg Mn as MnSO4.H2O, 40mg Zn as ZnO, 0.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 6mg Cu as CuSO4.H2O, 30mg Fe as 
FeSO4.H2O, 60mg Mn as MnSO4.H2O, 40mg Zn as Bioplex
® Zn, 0.5mg I as KIO3 
4Analyzed value 
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Table 2.3 Diet and nutrient composition of broiler breeder pre-lay diets 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 
Corn 68.7 64.9 68.7 64.9 
Soybean meal (48% CP) 20.8 20.2 20.8 20.2 
Alfalfa meal (17% CP) 3.28 5.76 3.28 5.76 
Oyster shell 3.00 3.00 3.00 3.00 
FORPLUS™ - 2.00 - 2.00 
Limestone (38% Ca) 1.63 1.53 1.63 1.53 
Dicalcium Phosphate 1.68 1.68 1.68 1.68 
Salt, iodized 0.38 0.38 0.38 0.38 
Vitamin premix1  0.25 0.25 0.25 0.25 
ZnO mineral premix2 0.25 0.25 - - 
Bioplex® Zn mineral premix3 - - 0.25 0.25 
DL-Methionine 0.10 0.10 0.10 0.10 
Total 100 100 100 100 
     
Nutrient Composition     
AMEn, kcal/kg 2850 2850 2850 2850 
Protein, %4 16.1 17.4 15.5 16.6 
Ca, %4 2.75 2.62 2.09 3.06 
Avail. P, % 0.38 0.38 0.38 0.38 
TSAA, %4 0.56 0.59 0.51 0.57 
Lysine, %4 0.85 0.81 0.71 0.90 
Na, % 0.18 0.18 0.18 0.18 
Total Zn, mg/kg4 113 113 164 168 
Crude Fat, %4 3.44 6.52 6.13 6.85 
DHA, %4 0.00 0.35 0.01 0.36 
Total n-3 PUFA, %4 0.10 0.52 0.16 0.53 
Total n-6 PUFA, %4 1.76 2.72 3.20 3.07 
n-6: n-3 PUFA 17.6 5.23 19.8 5.83 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU 
vitamin E, 22.0 µg of vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as 
menadione), 1.98 mg of thiamine, 6.6 mg of riboflavin, 11 mg of d-pantothenic acid, 
3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as ZnO, 1.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as Bioplex
® Zn, 1.5mg I as KIO3 
4Analyzed value 
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Table 2.4 Dietary effects of FORPLUS™ level and Zn source on broiler breeder pullet early 
growth performance through 3 wk of age 
 BWG, g/b FI, g/b FC 
Main Effect of FORPLUS™    
0% FORPLUS™ 604a 1048a 1.74 
2% FORPLUS™ 577b 974b 1.69 
SEM 5.37 13.6 0.02 
P-value <0.01 <0.01 0.13 
    
Main Effect of Zn Source    
ZnO 589 1020 1.73 
Bioplex® Zn 592 1002 1.69 
SEM  5.37 13.6 0.02 
P-value 0.78 0.35 0.19 
    
Interaction Effects    
0% FORPLUS™ + ZnO 605 1058 1.75 
2% FORPLUS™ + ZnO 574 983 1.72 
0% FORPLUS™ + Bioplex® Zn 603 1038 1.72 
2% FORPLUS™ + Bioplex® Zn 580 965 1.67 
SEM  7.59 19.2 0.03 
P-value 0.59 0.98 0.65 
a,bFor each group of main effects and interaction effects, means within the 
same column without common letters are significantly different (P≤0.05)  
 
  
60 
 
Figure 2.1 Main effect of dietary FORPLUS™ level on broiler breeder pullet body weight 
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Figure 2.2 Main effect of supplemental Zn source on broiler breeder pullet BW 
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Table 2.5 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler 
breeder BW uniformity from 3-20 wk of age 
 BW Uniformity, % 
Main Effect of FORPLUS™  
0% FORPLUS™ 81.9 
2% FORPLUS™ 81.6 
SEM 1.94 
P-value 0.92 
  
Maine Effect of Zn Source  
ZnO 81.0 
Bioplex® Zn 82.5 
SEM 1.94 
P-value 0.61 
  
Interaction Effect  
0% FORPLUS™ + ZnO 78.3b 
2% FORPLUS™ + ZnO 83.8ab 
0% FORPLUS™ + Bioplex® Zn 85.5a 
2% FORPLUS™ + Bioplex® Zn 79.4ab 
SEM  2.18 
P-value 0.05 
a,bMeans within the same column without common letters 
are significantly different (P≤0.05)  
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Table 2.6 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler breeder pullet leg bone length, breaking strength, 
and ash percentage at 3 wk of age 
 
Tibia  Femur 
 
Length, 
mm 
Breaking 
Strength,  
kg force 
Ash, % 
 
Length, 
mm 
Breaking 
Strength, 
kg force 
Ash, % 
Main Effect of FORPLUS™        
0% FORPLUS™ 65.2 17.1 54.3  48.9b 10.5 53.1b 
2% FORPLUS™ 65.6 17.1 55.2  50.0a 11.9 54.5a 
SEM 0.48 1.37 0.33  0.25 1.05 0.29 
P-value 0.53 0.77 0.08  <0.01 0.35 <0.01 
        
Main Effect of Zn Source        
ZnO 65.4 16.5 54.7  49.6 10.0 53.6 
Bioplex® Zn 65.4 18.2 54.9  49.3 12.4 54.1 
SEM  0.48 1.37 0.33  0.25 1.05 0.29 
P-value 0.92 0.41 0.56  0.33 0.13 0.26 
        
Interaction Effects        
0% FORPLUS™ + ZnO 65.0 15.1 54.1  48.8 9.30 52.7 
2% FORPLUS™ + ZnO 65.8 18.0 55.3  50.5 10.7 54.5 
0% FORPLUS™ + Bioplex® Zn 65.3 19.1 54.6  49.0 11.7 53.5 
2% FORPLUS™ + Bioplex® Zn 65.4 17.4 55.3  49.5 13.2 54.6 
SEM  0.67 1.94 0.47  0.35 1.49 0.41 
P-value 0.64 0.26 0.78  0.09 1.00 0.35 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are 
significantly different (P≤0.05)  
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Table 2.7 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler 
breeder pullet tibia ash mineral content at 3 wk of age 
 
Cu, 
ppm 
Fe,  
ppm 
Mn,  
ppm 
Zn,  
ppm 
Ca,  
% 
P,  
% 
Main Effect of FORPLUS™       
0% FORPLUS™ 8.65a 334 7.38b 454a 37.8 18.6 
2% FORPLUS™ 8.26b 372 8.38a 420b 37.9 18.6 
SEM 0.13 17.0 0.18 9.71 0.12 0.06 
P-value 0.05 0.14 <0.01 0.03 0.61 0.54 
       
Main Effect of Zn Source       
ZnO 8.59 356 7.89 432 37.7 18.6 
Bioplex® Zn 8.32 349 7.87 442 37.9 18.6 
SEM  0.13 17.0 0.18 9.71 0.12 0.06 
P-value 0.15 0.77 0.96 0.49 0.18 0.37 
       
Interaction Effects       
0% FORPLUS™ + ZnO 8.82 327 7.29 446 37.7 18.6 
2% FORPLUS™ + ZnO 8.36 386 8.49 419 37.7 18.6 
0% FORPLUS™ + Bioplex® Zn 8.47 341 7.47 463 37.9 18.6 
2% FORPLUS™ + Bioplex® Zn 8.17 357 8.28 421 38.0 18.5 
SEM  0.18 24.1 0.25 13.7 0.17 0.08 
P-value 0.67 0.39 0.45 0.60 0.86 0.43 
a,bFor each group of main effects and interaction effects, means within the same column 
without common letters are significantly different (P≤0.05) 
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Table 2.8 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler 
breeder pullet femur ash mineral content at 3 wk of age 
 
Cu, 
ppm 
Fe,  
ppm 
Mn,  
ppm 
Zn,  
ppm 
Ca,  
% 
P,  
% 
Main Effect of FORPLUS™       
0% FORPLUS™ 8.60 399 7.97 474
a 37.7 18.5 
2% FORPLUS™ 8.37 399 8.71 438
b 37.9 18.5 
SEM 0.12 19.9 0.26 9.51 0.09 0.04 
P-value 0.21 1.00 0.06 0.02 0.14 0.50 
 
      
Main Effect of Zn Source       
ZnO 8.67
a 410 8.55 453 37.7 18.5 
Bioplex® Zn 8.30
b 389 8.14 459 37.9 18.5 
SEM  0.12 19.9 0.26 9.51 0.09 0.04 
P-value 0.05 0.47 0.28 0.67 0.19 0.62 
 
      
Interaction Effects       
0% FORPLUS™ + ZnO 8.78 418 8.32 468 37.6 18.5 
2% FORPLUS™ + ZnO 8.56 402 8.77 438 37.8 18.5 
0% FORPLUS™ + Bioplex® Zn 8.41 381 7.62 480 37.8 18.5 
2% FORPLUS™ + Bioplex® Zn 8.19 397 8.65 438 38.0 18.6 
SEM  0.17 28.1 0.36 13.5 0.13 0.05 
P-value 0.98 0.57 0.44 0.65 0.77 0.81 
a,bFor each group of main effects and interaction effects, means within the same column 
without common letters are significantly different (P≤0.05) 
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Table 2.9 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler breeder pullet leg bone length, breaking strength, 
and ash percentage at 6 wk of age 
 
Tibia  Femur 
 
Length, 
mm 
Breaking 
Strength,  
kg force 
Ash, % 
 
Length, 
mm 
Breaking 
Strength, 
kg force 
Ash, % 
Main Effect of FORPLUS™        
0% FORPLUS™ 88.7 17.9a 55.6  67.8 16.0 53.5 
2% FORPLUS™ 87.7 15.7b 55.2  64.0 14.8 53.6 
SEM 0.75 0.66 0.30  2.23 0.79 0.39 
P-value 0.34 0.04 0.42  0.26 0.30 0.84 
        
Main Effect of Zn Source        
ZnO 87.7 16.5 55.5  67.2 16.2 53.3 
Bioplex® Zn 88.7 17.0 55.4  64.6 14.7 53.8 
SEM  0.75 0.66 0.30  2.23 0.79 0.39 
P-value 0.35 0.59 0.78  0.43 0.19 0.43 
        
Interaction Effects        
0% FORPLUS™ + ZnO 88.0 17.1 55.3  67.6 16.1 52.5b 
2% FORPLUS™ + ZnO 87.4 18.6 55.7  15.9 66.7 54.1ab 
0% FORPLUS™ + Bioplex® Zn 89.5 15.9 55.9  18.6 67.9 54.4a 
2% FORPLUS™ + Bioplex® Zn 88.0 15.5 54.8  67.4 13.4 53.1ab 
SEM  1.06 0.93 0.42  0.52 1.11 0.55 
P-value 0.69 0.34 0.09  0.71 0.22 0.02 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are 
significantly different (P≤0.05)  
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Table 2.10 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler 
breeder pullet tibia ash mineral content at 6 wk of age 
 
Cu, 
ppm 
Fe,  
ppm 
Mn,  
ppm 
Zn,  
ppm 
Ca,  
% 
P,  
% 
Main Effect of FORPLUS™       
0% FORPLUS™ 9.81 322 10.8 382a 38.3 19.2 
2% FORPLUS™ 9.70 339 10.3 362b 38.2 19.2 
SEM 0.19 19.5 0.36 6.43 0.11 0.05 
P-value 0.70 0.54 0.32 0.05 0.67 0.28 
       
Main Effect of Zn Source       
ZnO 9.63 336 10.4 363 38.3 19.3 
Bioplex® Zn 9.88 325 10.6 381 38.1 19.1 
SEM  0.19 19.5 0.36 6.43 0.11 0.05 
P-value 0.37 0.70 0.69 0.08 0.19 0.06 
       
Interaction Effects       
0% FORPLUS™ + ZnO 9.66 367a 10.5 379 38.3 19.3 
2% FORPLUS™ + ZnO 9.59 305ab 10.3 348 38.3 19.2 
0% FORPLUS™ + Bioplex® Zn 9.95 276b 11.1 385 38.2 19.2 
2% FORPLUS™ + Bioplex® Zn 9.81 374a 10.2 376 38.0 19.1 
SEM  0.27 27.6 0.50 9.09 0.15 0.08 
P-value 0.90 0.01 0.52 0.26 0.66 0.80 
a,bFor each group of main effects and interaction effects, means within the same column 
without common letters are significantly different (P≤0.05) 
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Table 2.11 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler 
breeder pullet femur ash mineral content at 6 wk of age 
 
Cu, 
ppm 
Fe,  
ppm 
Mn,  
ppm 
Zn,  
ppm 
Ca,  
% 
P,  
% 
Main Effect of FORPLUS™       
0% FORPLUS™ 10.1 439 10.3 396 37.8 19.0 
2% FORPLUS™ 9.91 436 10.6 381 37.9 19.0 
SEM 0.13 21.8 0.24 5.17 0.08 0.04 
P-value 0.37 0.93 0.30 0.06 0.48 0.85 
       
Main Effect of Zn Source       
ZnO 9.95 446 10.3 382 37.9 19.0 
Bioplex® Zn 10.1 429 10.6 394 37.8 19.0 
SEM  0.13 21.8 0.24 5.17 0.08 0.04 
P-value 0.56 0.60 0.50 0.12 0.95 0.54 
       
Interaction Effects       
0% FORPLUS™ + ZnO 9.97 487
a 10.4 391 37.6b 19.1 
2% FORPLUS™ + ZnO 9.92 404
ab 10.3 373 38.1a 19.0 
0% FORPLUS™ + Bioplex® Zn 10.2 390
b 10.1 401 38.0a 18.9 
2% FORPLUS™ + Bioplex® Zn 9.90 468
ab 11.0 388 37.7b 19.0 
SEM  0.19 29.7 0.33 7.31 0.11 0.06 
P-value 0.50 0.03 0.17 0.76 <0.01 0.19 
a,bFor each group of main effects and interaction effects, means within the same column 
without common letters are significantly different (P≤0.05) 
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Table 2.12 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler 
breeder pullet leg bone breaking strength and ash percentage at 16 wk of age 
 Tibia 
 Femur 
 
Breaking 
Strength, 
kg force 
Ash, %  
Breaking 
strength, 
kg force 
Ash, % 
Main Effect of FORPLUS™   
 
  
0% FORPLUS™ 29.0 53.5  25.8 50.9 
2% FORPLUS™ 26.9 53.0  25.7 50.4 
SEM 0.74 0.31  1.70 0.43 
P-value 0.07 0.26  0.98 0.40 
      
Main Effect of Zn Source      
ZnO 28.5 53.4  29.0a 50.5 
Bioplex® Zn 27.4 53.0  22.5b 50.8 
SEM  0.74 0.31  1.70 0.43 
P-value 0.29 0.40  0.02 0.60 
      
Interaction Effects      
0% FORPLUS™ + ZnO 29.3 53.9  26.8 50.9 
2% FORPLUS™ + ZnO 27.8 52.9  31.1 50.0 
0% FORPLUS™ + Bioplex® Zn 28.7 53.1  24.7 50.9 
2% FORPLUS™ + Bioplex® Zn 26.1 53.0  20.2 50.7 
SEM  1.05 0.44  2.41 0.61 
P-value 0.63 0.33  0.09 0.56 
a,bFor each group of main effects and interaction effects, means within the same 
column without common letters are significantly different (P≤0.05) 
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Table 2.13 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler 
breeder pullet tibia ash mineral content at 16 wk of age 
 
Cu, 
ppm 
Fe,  
ppm 
Mn,  
ppm 
Zn,  
ppm 
Ca,  
% 
P,  
% 
Main Effect of FORPLUS™       
0% FORPLUS™ 8.88 256 5.74 267 39.0 18.5 
2% FORPLUS™ 8.81 281 5.82 277 39.2 18.7 
SEM 0.23 18.0 0.21 8.91 0.20 0.10 
P-value 0.84 0.34 0.79 0.44 0.60 0.36 
       
Main Effect of Zn Source       
ZnO 9.00 282 5.84 271 39.2 18.7 
Bioplex® Zn 8.70 255 5.72 273 39.0 18.5 
SEM  0.23 18.0 0.21 8.91 0.20 0.10 
P-value 0.38 0.31 0.69 0.87 0.64 0.13 
       
Interaction Effects       
0% FORPLUS™ + ZnO 9.02 252 5.86 267 39.0 18.6 
2% FORPLUS™ + ZnO 8.97 313 5.83 274 39.4 18.8 
0% FORPLUS™ + Bioplex® Zn 8.74 260 5.63 266 39.1 18.5 
2% FORPLUS™ + Bioplex® Zn 8.66 250 5.82 279 39.0 18.5 
SEM  0.33 25.4 0.29 12.6 0.29 0.14 
P-value 0.98 0.19 0.73 0.80 0.47 0.34 
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Table 2.14 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler 
breeder pullet femur ash mineral content at 16 wk of age 
 
Cu, 
ppm 
Fe,  
ppm 
Mn,  
ppm 
Zn,  
ppm 
Ca,  
% 
P,  
% 
Main Effect of FORPLUS™       
0% FORPLUS™ 7.58 308 5.72 263 39.0 18.3b 
2% FORPLUS™ 7.58 348 5.90 269 39.0 18.4a 
SEM 0.08 16.5 0.26 8.86 0.16 0.05 
P-value 0.96 0.11 0.64 0.62 0.99 0.05 
       
Main Effect of Zn Source       
ZnO 7.70a 350 5.98 265 39.1 18.4 
Bioplex® Zn 7.45b 307 5.63 268 38.9 18.3 
SEM  0.08 16.5 0.26 8.86 0.16 0.05 
P-value 0.05 0.10 0.36 0.78 0.54 0.20 
       
Interaction Effects       
0% FORPLUS™ + ZnO 7.64 314 5.84 267 39.1 18.3 
2% FORPLUS™ + ZnO 7.77 385 6.12 262 39.0 18.5 
0% FORPLUS™ + Bioplex® Zn 7.52 303 5.60 259 38.9 18.3 
2% FORPLUS™ + Bioplex® Zn 7.38 312 5.67 277 38.9 18.3 
SEM  0.11 23.4 0.36 12.5 0.22 0.07 
P-value 0.27 0.22 0.78 0.35 0.75 0.43 
a,bFor each group of main effects and interaction effects, means within the same column 
without common letters are significantly different (P≤0.05) 
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Table 2.15 Effects of dietary FORPLUS™ level and supplemental Zn source on broiler 
breeder pullet bone breaking strength at 20 wk of age 
 
Tibia breaking 
strength, kg force 
Femur breaking 
strength, kg force 
Main Effect of FORPLUS™   
0% FORPLUS™ 37.5 31.3 
2% FORPLUS™ 36.5 29.6 
SEM 2.26 2.82 
P-value 0.76 0.68 
   
Main Effect of Zn Source   
ZnO 39.3 31.0 
Bioplex® Zn 34.7 29.9 
SEM  2.26 2.82 
P-value 0.18 0.80 
   
Interaction Effects   
0% FORPLUS™ + ZnO 39.9 32.8 
2% FORPLUS™ + ZnO 38.6 29.2 
0% FORPLUS™ + Bioplex® Zn 35.0 29.8 
2% FORPLUS™ + Bioplex® Zn 34.3 30.0 
SEM  3.20 3.99 
P-value 0.92 0.65 
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CHAPTER 3. Effects of Dietary Microalgae Level and Zn Source Supplementation on 
Broiler Breeder Egg Quality, Production, Fertility, and Hatchability of Offspring 
 
ABSTRACT 
 
Supplemental omega-3 (n-3) polyunsaturated fatty acids (PUFA) and zinc (Zn) are known 
to beneficial for broiler egg production and offspring development.  However, there is 
limited information is available on the effects of dietary n-3 PUFA supplementation and 
Zn source on broiler breeder egg quality and reproduction.  FORPLUS™ (Alltech, Inc.) is 
an unextracted, whole-cell microalgae (Aurantiochytrium limacinum CCAP 4087/2) 
source of n-3 PUFA and DHA in particular.  Bioplex® Zn (Alltech, Inc.) is a Zn-proteinate 
product that is more bioavailable to poultry than some other sources of inorganic Zn.  A 
2x2 factorial, randomized complete block study was designed to evaluate the dietary effects 
of FORPLUS™ level (0% vs 2%) and Zn source (Bioplex® Zn vs ZnO) on broiler breeder 
egg quality, egg production, fertility and hatchability of offspring.  The 4 dietary treatments 
were 1) corn-soybean meal based diet + 40 mg ZnO/kg diet, 2) diet 1 + 2% FORPLUS™, 
3) corn-soybean meal based diet + 40 mg Bioplex® Zn/kg diet, 4) Diet 3 + 2% 
FORPLUS™.  A total of 240 Cobb 500™ broiler breeder hens and 20 roosters were 
randomly assigned to each dietary treatment resulting in 5 replicate floor pen groups of 12 
broiler breeder hens plus 1 broiler breeder rooster.  Egg quality variables were measured 
at 24, 32, and 36 wk of lay.  Whole egg mineral content was measured at 24 and 32 wk of 
lay.  Hen day production (HDP) was monitored throughout lay.  Fertility and hatchability 
were determined when broiler breeders were 19-20, 30-31, 35-37, and 41-43 wk of lay.  At 
24 wk of lay interaction effects and main effects of broiler breeder dietary factors were 
observed on egg quality.  Breeder hens fed diets containing 2% FORPLUS™ + ZnO 
produced eggs with the lowest (P≤0.05) egg weight (wt.) and yolk wt. compared to breeder 
hens fed other diets.  However, breeder hens fed diets with 2% vs 0% FORPLUS™ had 
increased (P≤0.05) eggshell % and eggshell breaking strength.  Main effects of dietary 
FORPLUS™ level were observed on egg quality when breeders were at 32 and 36 weeks 
of lay.  Breeder hens fed diets with 2% vs 0% FORPLUS™ produced eggs with lower 
(P≤0.05) egg wt. and yolk wt., but greater (P≤0.05) eggshell %.  Main effects of dietary 
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FORPLUS™ level or Zn source were observed on breeder egg mineral content at 25 and 
32 wk of age.  At 25 wk of age 2% vs 0% FORPLUS™ increased (P≤0.05) egg Mn content, 
but by 32 wk of age egg Cu, Zn, Se, Ca, and P contents were significantly reduced (P≤0.05) 
by 2% FORPLUS™.  Bioplex® Zn also reduced (P≤0.05) egg Cu content at 25 wk of age.  
ZnO had the main effect of increased (P≤0.05) HDP during post-peak lay.  Breeder diet 
did not affect offspring fertility or hatchability variables during 19-20 wk of lay.  Diets 
with FORPLUS™ reduced (P≤0.05) hatchability at 30-31 of lay.  Diets with 0% 
FORPLUS™ + ZnO had the lowest (P≤0.05) hatch of fertile and highest (P≤0.05) no pip 
% compared to other breeder diets at 35-37 and 41-43 wk of lay.  In summary, dietary 
FORPLUS™ supplementation and Zn source had the greatest effect on broiler breeder 
reproduction during post-peak lay.  Broiler breeder FORPLUS™ supplementation 
negatively affected egg size and egg mineral contents, while supplementation with 2% 
FORPLUS™ or Bioplex® Zn improved hatchability of offspring during post-peak lay.  
Furthermore, ZnO supplementation may be beneficial for post-peak HDP.                       
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3.1 Introduction 
During the embryonic growth a broiler’s sole nutrient source comes from the 
nutrients deposited into the egg yolk, albumin, shell membrane and shell by the broiler 
breeder hen (Romanoff and Romanoff, 1967; Richards, 1997; Yair and Uni, 2011).  The 
majority of energy, protein, fatty acids, minerals, and vitamins used for embryonic 
development are located in the yolk (White, 1987; Noble and Cocchi, 1990; Richards, 
1997; Speake et al., 1998; Angel, 2007; Cherian, 2008; Yair and Uni, 2011) and eggshell 
(Yair and Uni, 2011).  Many of the aforementioned nutrients in the egg are known to be 
affected by breeder diet (Lunven et al., 1973; Naber, 1979; Mattila et al., 1999; Kidd, 2003; 
Cherian, 2008; Cherian et al., 2009; Torres and Korver, 2018).  Previous research has 
demonstrated that the fatty acid profile of egg yolk and offspring tissues can be changed 
by altering the dietary polyunsaturated fatty acids (PUFA) content in broiler breeder diets 
(Lin et al., 1991; Pappas et al., 2006; Hall et al., 2007; Cherian, 2008; Bautista-Ortega et 
al., 2009; Cherian et al., 2009; Koppenol et al., 2014; Koppenol et al., 2015a).  Several 
studies have reported the effects of omega-3 (n-3) PUFA on breeder egg quality (Pappas 
et al., 2005; Cherian, 2008; Koppenol et al., 2014), fertility and hatchability (Koppenol et 
al., 2015c).  However, there is very little information on the effects of alternative sources 
of n-3 PUFA such as microalgae on egg quality, fertility, and hatchability.  Furthermore, 
there is limited research on long-term effects of dietary n-3 PUFA on hen production.  
FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell microalgae (Aurantiochytrium 
limacinum CCAP 4087/2) source of n-3 PUFA.  It contains 64% fat with 16% of that fat 
as docosahexaenoic acid (DHA).  Microalgae rich in n-3 PUFA may be considered as a 
sustainable, alternative to fish oil which is a common source of n-3 PUFA in poultry diets.     
Zinc (Zn) is an essential trace element and nutrient that has important roles in 
numerous biochemical and metabolic functions such as cell growth and proliferation, cell 
differentiation, gene expression, and immunity (Vallee and Falchuk, 1993; Plum et al., 
2010; Haase and Rink, 2014a, b).  Research indicates that Zn deposition into eggs increases 
as hens age (Sun et al., 2010), but eventually peaks and then declines (Favero et al., 2013).  
A short-term supplementation of organic vs inorganic Zn source did not affect broiler 
breeder fertility or offspring hatchability (Kidd et al., 1992).  In contrast, long-term 
supplementation of organic Zn in breeder diets resulted in improved reproductive 
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performance over inorganic Zn (Hudson et al., 2004), but the supplemental Zn levels were 
also different in the short-term and long-term studies.  Regardless, there is still a lack of 
long-term studies evaluating effects of Zn supplementation and Zn source on broiler 
breeder reproductive performance (Salim et al., 2008).  Bioplex® Zn (Alltech, Inc.) is a Zn-
proteinate product that is more bioavailable to poultry than some other sources of inorganic 
Zn (Ao et al., 2006; Ao et al., 2011).  The objective of this study was to evaluate two levels 
of dietary FORPLUS™ and two sources of Zn on broiler breeder egg quality, egg 
production, fertility, and hatchability. 
3.2 Materials and Methods 
This study was conducted in accordance with the University of Kentucky 
Institutional Animal Care and Use Committee protocols. 
 
3.2.1 Experimental Design 
A complete randomized block design with a 2x2 factorial treatment arrangement 
consisting of 2 levels of microalgae supplementation (0% vs 2% FORPLUS™) and two 
sources of supplemental Zn (ZnO vs Bioplex® Zn) was used for this study.  A total of 440, 
one day old Cobb 500™ broiler breeder pullet chicks and 70, one day old Cobb 500™ 
broiler breeder male chicks were obtained from a local hatchery (Cobb-Vantress, 
Monticello, KY) and randomly assigned to four dietary treatments.  The pullet chicks were 
divided into 5 replicate floor pen groups per dietary treatment with 22 pullets per group.  
Initially, the male broiler breeder chicks were housed separately with 1 group per dietary 
treatment consisting of 17 or 18 chicks.  Before the onset of lay, the number of pullets was 
reduced to 240 and 1 broiler breeder male was randomly assigned to a pen of breeder pullets 
with respect to dietary treatment.  This resulted in 5 replicate floor pen groups of 12 broiler 
breeder hens plus 1 broiler breeder rooster per dietary treatment. 
The four dietary treatments were 1) corn-soybean meal based diet + 40 mg ZnO/kg 
diet, 2) diet 1 + 2% FORPLUS™, 3) corn-soybean meal based diet + 40 mg Bioplex® 
Zn/kg diet, 4) Diet 3 + 2% FORPLUS™.  Dietary treatments were formulated to meet or 
exceed the energy and nutrient requirements (NRC, 1994) before lay, during peak lay (1-
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27 weeks of lay), and during post-peak lay (27-45 weeks of lay) (Table 3.1 and Table 3.2).  
Broiler breeders were provided ad libitum access to feed and water via a hanging feeder 
and hanging nipple drinkers for the first three weeks after placement.  Afterwards a daily 
feeding regimen was implemented as per the Cobb® Breeder Management Guide (Cobb-
Vantress, 2012).  Feed allotment was then provided daily in a feeding trough.   
The broiler breeders were housed in floor pen units that measured approximately 
1.22 x 1.83 sq. meters.  The litter for each pen was 100% large flake, pine wood shavings 
supplied at approximately 3.66 cu. meters per pen and refreshed as needed.  Broiler 
breeders were raised in an ambient temperature range of 18.3 to 29.4 °C.  At 20 weeks of 
age, a two-tier nest box that could accommodate up to four birds at a time was added to 
each pen.  From 19-23 weeks of age (pre-lay to onset of lay), daily photostimulation was 
gradually increased from 9 hours of light to 15 hours of light.  Photostimulation was then 
maintained at 15 hours of light and 9 hours of darkness for the remainder of the study.        
 
3.2.2 Egg Quality 
When broiler breeder hens were at peak lay (24 weeks of lay) and post-peak lay (32 
and 36 weeks of lay) 6 eggs from each floor pen were collected for egg quality analysis.  
Individual egg quality measurements were obtained and then averaged by pen.  At each 
collection, egg weights were recorded.  Eggshell breaking strength for was obtained using 
an Egg Forcer Reader™ (Orka Food Technology, Ltd.).  Eggs were then opened and 
transferred to a flat, level surface to measure albumin height with a TSS QCD Ranger Super 
System (Technical Services and Supplies, York, England).  Albumen heights and egg 
weights were used for the calculation of the Haugh Unit, a measure of egg freshness.  Egg 
yolks were then separated from the albumen to obtain the yolk weight.  Eggshells were 
cleared of albumin residues by rinsing in lukewarm tap water and allowed to dry at room 
temperature.  Afterwards, eggshell weight was recorded for the calculation of eggshell 
percentage, which was expressed as a percentage of the egg weight.  
Egg mineral analysis was obtained when hens were at peak lay (24 weeks of lay) 
and post-peak lay (32 weeks of lay).  Contents from 2 eggs per breeder floor pen were 
homogenized.  Approximately 1 gram of egg homogenate was microwave digested (CEM 
Microwave Accelerated Reaction System 6) in 55 ml Teflon digestion tubes containing 10 
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ml concentrated, nitric acid (Optima™ grade, Fisher Scientific), 2 ml 30% (w/w) hydrogen 
peroxide (Supelco, Inc., Bellefonte, PA), and 10 ml of deionized water.  Acid digested 
samples were then diluted to with deionized water for trace mineral analysis via inductively 
coupled plasma-mass spectrophotometer (Agilent Technologies Inc., ICP-MS, model 
7700x), whereas Ca, and P were analyzed via using inductively coupled plasma-optical 
emission spectrum (Agilent Technologies Inc., ICP-OES, model 5110).        
 
3.2.3 Hen Day Production 
A daily log of eggs laid by broiler breeder hens was kept from 1-45 weeks of lay 
(21-65 weeks of age).  The total number of eggs laid within a four-week period by breeder 
pen was calculated.  Hen day production (HDP) was calculated and expressed as a 
percentage of total eggs laid by the number of hens in each floor pen within the four-week 
period and corrected for mortality.  Hen day production was also calculated for peak (1-27 
weeks of lay), post-peak (28-45 weeks of lay), and overall (1-45 weeks of lay) lay with 
corrections for mortality.     
 
3.3.4 Fertility and Hatchability 
Eggs were collected from each breeder pen during 19-20 weeks of lay (peak lay), 
30-31 weeks of lay (post-peak lay), 35-37 weeks of lay (post-peak lay), and 41-43 weeks 
of lay (post-peak lay).  When breeders were at 20-21 weeks of lay, a total of 45 eggs were 
collected from each pen.  When breeders were 30-31 and 35-37 weeks of lay, a total of 60 
eggs were collected from each pen.  When breeders were 41-43 weeks of lay, a total of 50 
eggs were collected from each pen.  At each collection time point, the eggs were set in a 
Nature Form Incubator (model 4680).  Eggs were incubated by pen by using a separate 
incubator trays.  The incubator temperature was set to 37.5°C and relative humidity was 
set to 60%.  On embryonic day 18, eggs were transferred to a Nature Form Hatcher (model 
45) where the temperature was set to 36.9°C and relative humidity was set to 64%.  Eggs 
were grouped and labeled by pen using wooden dividers in hatcher trays.     
The number of fertile eggs was determined on embryonic day 10 by candling.  
Fertility was calculated and expressed as percentage of total eggs set.  The number of dead 
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embryos was determined by candling on embryonic day 10 and embryonic day 18.  For 
eggs collected when breeders were 35-37 weeks of lay, the number of dead embryos was 
determined by candling on embryonic day 10 only.   Embryo mortality was calculated and 
expressed as a percentage of the number of eggs set.  After 21 days of incubation 
hatchability was determined by counting the number of chicks hatched and expressing it 
as a percentage of total eggs set.  Hatch of fertile eggs was calculated and expressed as a 
percentage of chicks hatched from the number of fertile eggs.  The percentage of chicks 
that did not pip (no pip), pipped but died before emerging from the eggshell (pip dead), 
and pipped and were still alive (pip alive) were determined and expressed as a percentage 
of the number of fertile eggs.        
 
3.3.5 Statistical Analysis 
All data for this study were subjected to a two-way analysis of variance using the 
general linear model procedures of SAS® Software, version 9.4 (SAS, 2016).  The model 
assumed the fixed effect of block by experimental unit (floor pen) location for egg quality 
and hen day production data or the fixed effect of block by incubator tray location for 
fertility and hatchability data.  The model also included the main effect of dietary 
FORPLUS™ level, the main effect of supplemental Zn source and the interaction effect of 
both factors.  Mean values were separated and compared using Fisher’s protected least 
significant difference test. Mean values were declared significantly different for P values 
≤ 0.05.     
3.3 Results and Discussion 
3.3.1 Egg Quality 
When broiler breeder hens were at 24 weeks of lay (peak lay) interaction effects of 
dietary FORPLUS™ level and Zn source were observed for egg weight and yolk weight 
(Table 3.3).  Breeder hens fed diets containing 2% FORPLUS™ + ZnO produced eggs 
with the lowest egg weight and yolk weight compared to breeder hens fed other diets, 
indicating that the eggs they produced were smaller.  Highest egg weight and yolk weight 
were observed in hens fed diets containing 0% FORPLUS™ + ZnO while the other dietary 
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treatments containing Bioplex® Zn resulted in intermediate egg weight and yolk weight.  
These results are in agreeance with published reports of hens fed diets enriched with n-3 
PUFA or DHA had reduced egg weight and yolk weight during lay (Pappas et al., 2005; 
Cherian, 2008; Koppenol et al., 2014).  This phenomenon may be explained in part by the 
effect of increased n-3 PUFA in the diet and its effect on yolk lipid synthesis.  Increased 
dietary n-3 PUFA has been cited to interfere with the liver production of very low density 
lipid proteins (VLDL) (Vance and Vance, 1990), which are then secreted in large amounts 
during lay and become a major component of egg yolks (Noble and Cocchi, 1990; Speake 
et al., 1998).  If VLDL synthesis is decreased this may result in less yolk deposition which 
may explain the lower yolk weight and egg weights observed in the previous studies and 
the current study.   
At 24 weeks of lay main effects of dietary FORPLUS™ level were also observed 
on eggshell percentage and eggshell breaking strength (Table 3.3).  Broiler breeder hens 
fed diets with 2% FORPLUS™ produced eggs with increased eggshell percentage and 
eggshell breaking strength compared hens fed diets without FORPLUS™.  In laying hens, 
n-3 enriched eggs have been shown to have greater eggshell percentage compared to eggs 
not enriched with n-3 PUFA (Samman et al., 2009), although dietary lipid source has been 
reported to have variable influence on eggshell quality (Ahmad et al., 2012).  The eggshell 
is mainly comprised of Ca, but has inorganic and organic layers that provides stiffness and 
elasticity (Solomon, 2010).  It is possible that dietary FORPLUS™ altered the eggshell 
ultrastructure formation in a way that was conducive to bear greater load forces.                   
Main effects of dietary FORPLUS™ were observed on egg weight, yolk, weight 
and eggshell percentage during post-peak lay when breeders were at 32 and 36 weeks of 
lay (Table 3.4 and Table 3.5) .  Breeder hens fed diets with 2% FORPLUS™ continued to 
produce eggs with lower egg weight, lower yolk weight, but greater eggshell percentage 
compared to hens fed diets without FORPLUS™.  As previously mentioned, this may be 
due to reduced egg yolk formation from suppression of VLDL synthesis by dietary n-3 
PUFA (Vance and Vance, 1990) and effects of dietary n-3 PUFA on eggshell formation 
and ultrastructure. 
Main effects of dietary FORPLUS™ level and Zn source were observed on whole 
egg mineral content during peak lay when or when hens were at 25 weeks of lay (Table 
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3.6).  Breeder hens fed diets with Bioplex® Zn had lower egg copper content compared to 
hens fed diets with ZnO.  Organic Zn in breeder diets have been reported to lower Cu 
content  in eggs (Sun et al., 2012) indicating a trace mineral antagonism exists.  Breeder 
hens fed diets with 2% FORPLUS™ produced eggs with a higher Mn content compared 
to breeder hens fed diets without FORPLUS™.  Dietary PUFA was demonstrated to 
enhance Mn absorption and retention in rat tissues (Finley and Davis, 2001).  In Chapter 
2, 2% FORPLUS™ also increased Mn retention in the broiler breeder femur during the 
pullet rearing phase.  Increased Mn retention in broiler breeder tissues may lead to 
increased Mn deposition into eggs produced. 
By 32 weeks of lay (post-peak lay) only main effects of FORPLUS™ were 
observed on whole egg mineral content (Table 3.7).  Dietary inclusion of 2% vs 0% 
FORPLUS™ in breeder diets significantly reduced (P≤0.05) Cu, Zn, Se, Ca, and P egg 
content.  Increased dietary PUFA has been linked to decreased Cu and Zn absorption and 
retention in animals and humans (Lukaski et al., 2001; Chow, 2007).  Mineral content of 
laying hen eggs was also shown to be altered due to manipulation of dietary n-3 PUFA 
(Aydin et al., 2001).  It is also possible that the combination of high Ca content and 
increased PUFA in the broiler breeder post-peak layer diet formed a soap during digestion 
rendering nutrients, including certain minerals unavailable for absorption and 
incorporation into egg yolks.     
             
3.3.2 Hen Day Production 
During post-peak lay a main effect of dietary Zn source was observed on HDP.  As 
depicted in Figure 3.1, broiler breeder hens fed diets with ZnO had greater (P≤0.05) HDP 
during 25-28 weeks of lay (57.0 vs 52.8%)  and greater (P≤0.01) HDP during 37-40 weeks 
of lay.  This effect of ZnO on HDP production was only observed during the post-peak lay 
and during peak lay.  Diets containing ZnO also had an elevated level of Ca possibly due 
to a feed mixing error.  Increased Ca to P ratios in broiler breeder diets can improve HDP 
(Wilson et al., 1980).  The additional Ca in the ZnO diets may have contributed to improved 
HDP.  Throughout the entire laying period, broiler breeder dietary treatment did not affect 
HDP.   
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3.3.3 Fertility and Hatch of Offspring 
During peak lay, specifically at 19-20 weeks of lay, no effects of broiler breeder 
dietary treatment on fertility, embryo mortality, hatchability, hatch of fertile eggs, or 
pipping were observed (Table 3.9).   
During post-peak lay broiler breeder diet affected offspring hatchability variables.  
At 30-31 weeks of lay a main effect of dietary FORPLUS™ level was observed on the 
hatchability of offspring (Table 3.10).  Breeders who were fed diets containing 2% 
FORPLUS™ had significantly increased (P≤0.05) hatchability of offspring (74.0 vs 66.1 
%) compared to breeders fed diets without FORPLUS™.  At 35-37 weeks of lay and at 41-
43 weeks of lay interaction effects of dietary FORPLUS™ level and Zn source occurred.  
When breeders were at 35-37 weeks of lay, breeders fed diets with 0% FORPLUS™ + 
ZnO had the lowest hatch of fertile and highest percentage of chicks that did not pip 
compared to all other dietary treatments (Table 3.11).  When breeders were at 41-43 weeks 
of lay broiler breeders fed diets containing 0% FORPLUS™ + ZnO had the lowest hatch 
of fertile compared to other diets except 2% FORPLUS™ + Bioplex® Zn (Table 3.12).  
The percentage of chicks that did not pip was found to correspond to the hatch of fertile at 
35-37 and 41-43 weeks of lay.    
The n-3 PUFA profile of breeder eggs reflects the dietary n-3 PUFA content (Lin 
et al., 1991; Hall et al., 2007; Cherian, 2008; Koppenol et al., 2014).  Altering the egg yolk 
fatty acid profile via diet can impact hatchability (Aydin et al., 2001; Aydin and Cook, 
2004).  Over 90% of the energy the growing embryo utilizes comes from the β-oxidation 
of fatty acids in the yolk (Noble and Cocchi, 1990; Speake et al., 1998).  DHA was 
previously found to be preferred for absorption from the yolk by the developing embryo 
(Lin et al., 1991).  Acetyl coenzyme A (acetyl-CoA) is produced as fatty acid carbon chains 
are being broken down during β-oxidation.  Longer chained PUFA have the capacity to 
create more acetyl-CoA during the β-oxidation process.  Acetyl-CoA can go on to be 
metabolized into carbon dioxide (CO2) in the tricarboxylic acid cycle.  The CO2 produced 
by embryonic β-oxidation of fatty acids increases the air space between the egg.  Prior to 
hatching, the level of CO2 in the air space increases substantially and becomes a stimulant 
for pipping and hatching (Noble and Cocchi, 1990).  Although hatchability declines with 
breeder age, increased Zn concentration in the egg is linked to increased hatchability (Salim 
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et al., 2008).  An organic Zn source was also found to improve hatchability in breeders 
over an inorganic Zn source (Hudson et al., 2004).  Hatchability was increased with modest 
Bioplex® Zn supplementation in quail (El-Samee et al., 2012).  It is possible that Bioplex® 
Zn improved Zn deposition in the egg as observed in the Hudson et al. (2004) study and 
consequently hatch of fertile, however Zn egg content was not evaluated for this study at 
the time points when hatch of fertile was improved by Bioplex® Zn.                        
 
3.Summary and Conclusions 
Throughout lay broiler breeder pullet diets with 2% FORPLUS™ decreased egg 
weight and yolk weight but increased eggshell percentage.  During peak lay mineral 
antagonism was present between Bioplex® Zn and Cu, however that antagonism was not 
observed in post-peak lay when Zn deposition into the egg by the hen is greater.  ZnO 
increased HDP over Bioplex® Zn during post-peak lay.  In post-peak lay 2% FORPLUS™ 
reduced trace mineral, Ca, and P in the egg.  In post-peak lay Bioplex® Zn or 2% 
FORPLUS™ improved hatchability.  Based on these results, FORPLUS™ 
supplementation in broiler breeder diets negatively impacted egg quality throughout lay, 
but improved offspring hatchability in post-peak lay.  Bioplex® Zn also improved post-
peak hatchability, but ZnO supplementation was best for post-peak HDP.    
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3.5 Figures and Tables 
Table 3.1 Diet and nutrient composition of broiler breeder peak lay diets 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 
Corn 67.3 65.0 67.3 65.0 
Soybean meal (48% CP) 22.0 21.5 22.0 21.5 
Alfalfa meal (17% CP) 0.78 2.02 0.78 2.02 
Oyster shell 3.00 3.00 3.00 3.00 
FORPLUS™ - 2.00 - 2.00 
Soybean oil 0.52 0.08 0.52 0.08 
Limestone (38% Ca) 3.80 3.75 3.80 3.75 
Dicalcium Phosphate 1.65 1.65 1.65 1.65 
Salt, iodized 0.40 0.39 0.40 0.39 
Vitamin premix1  0.25 0.25 0.25 0.25 
ZnO mineral premix2 0.25 0.25 - - 
Bioplex® Zn mineral premix3 - - 0.25 0.25 
DL-Methionine 0.10 0.10 0.10 0.10 
Total 100 100 100 100 
     
Nutrient Composition     
AMEn, kcal/kg 2850 2850 2850 2850 
Protein, %4 16.1 15.9 16.1 16.5 
Ca, %4 3.72 3.61 3.77 4.07 
Avail. P, % 0.41 0.41 0.41 0.41 
TSAA, %4 0.52 0.55 0.55 0.56 
Lysine, %4 0.90 0.88 0.91 0.90 
Na, % 0.18 0.18 0.18 0.18 
Total Zn, mg/kg4 84.5 79.4 89.9 94.3 
Crude Fat, %4 3.27 4.98 2.69 6.13 
DHA, %4 0.00 0.34 0.01 0.39 
Total n-3 PUFA, %4 0.09 0.44 0.09 0.51 
Total n-6 PUFA, %4 1.63 1.87 1.40 2.34 
n-6: n-3 PUFA 17.6 4.24 16.4 4.55 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU 
vitamin E, 22.0 µg of vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as 
menadione), 1.98 mg of thiamine, 6.6 mg of riboflavin, 11 mg of d-pantothenic acid, 
3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as ZnO, 1.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as Bioplex
® Zn, 1.5mg I as KIO3 
4Analyzed value 
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Table 3.2 Diet and nutrient composition of broiler breeder post-peak lay diets 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 
Corn 69.7 67.0 69.7 67.0 
Soybean meal (48% CP) 19.4 18.9 19.4 18.9 
Alfalfa meal (17% CP) 0.76 2.34 0.76 2.34 
Oyster shell 3.00 3.00 3.00 3.00 
FORPLUS™ - 2.00 - 2.00 
Soybean oil 0.34 - 0.34 - 
Limestone (38% Ca) 4.34 4.28 4.34 4.28 
Dicalcium Phosphate 1.50 1.50 1.50 1.50 
Salt, iodized 0.40 0.39 0.40 0.39 
Vitamin premix1  0.25 0.25 0.25 0.25 
ZnO mineral premix2 0.25 0.25 - - 
Bioplex® Zn mineral premix3 - - 0.25 0.25 
DL-Methionine 0.10 0.10 0.10 0.10 
Total 100 100 100 100 
     
Nutrient Composition     
AMEn, kcal/kg 2850 2850 2850 2850 
Protein, %4 15.7 15.0 14.4 14.2 
Ca, %4 4.26 4.30 3.78 3.47 
Avail. P, % 0.38 0.38 0.38 0.38 
TSAA, %4 0.47 0.52 0.55 0.49 
Lysine, %4 0.82 0.83 0.82 0.83 
Na, % 0.18 0.18 0.18 0.18 
Total Zn, mg/kg4 80.7 78.9 88.9 84.7 
Crude Fat, %4 2.75 4.46 2.64 5.37 
DHA, %4 0.00 0.30 0.02 0.42 
Total n-3 PUFA, %4 0.07 0.38 0.07 0.53 
Total n-6 PUFA, %4 1.44 1.67 1.41 1.93 
n-6: n-3 PUFA 20.17 4.41 19.1 3.68 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU 
vitamin E, 22.0 µg of vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as 
menadione), 1.98 mg of thiamine, 6.6 mg of riboflavin, 11 mg of d-pantothenic acid, 
3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as ZnO, 1.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as Bioplex
® Zn, 1.5mg I as KIO3 
4Analyzed value 
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Table 3.3 Dietary effects of FORPLUS™ level and Zn source on broiler breeder egg quality at 24 weeks of lay 
 
Eggshell breaking 
strength, kg force 
Egg wt., g Yolk wt., g Haugh Unit Eggshell, % 
Main Effect of FORPLUS™      
0% FORPLUS™ 4.14b 69.2a 21.3a 78.1 9.06b 
2% FORPLUS™ 4.43a 66.6b 20.6b 80.9 9.34a 
SEM 0.09 0.33 0.21 1.52 0.09 
P-value 0.05 <0.01 0.03 0.21 0.04 
      
Main Effect of Zn Source      
ZnO 4.23 67.8 21.0 79.6 9.29 
Bioplex® Zn 4.35 68.0 20.9 79.4 9.11 
SEM  0.09 0.33 0.21 1.52 0.09 
P-value 0.40 0.67 0.78 0.95 0.17 
      
Interaction Effects      
0% FORPLUS™ + ZnO 3.99 70.0a 21.9a 78.5 9.08 
2% FORPLUS™ + ZnO 4.48 65.6c 20.1c 80.6 9.50 
0% FORPLUS™ + Bioplex® Zn 4.30 68.4b 20.7bc 77.7 9.04 
2% FORPLUS™ + Bioplex® Zn 4.39 67.6b 21.1ab 81.2 9.18 
SEM  0.13 0.47 0.29 2.15 0.12 
P-value 0.15 0.03 <0.01 0.76 0.27 
a,b,cFor each group of main effects and interaction effects, means within the same column without common letters are 
significantly different (P≤0.05) 
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Table 3.4 Dietary effects of FORPLUS™ level and Zn source on broiler breeder egg quality at 32 weeks of lay 
 
Eggshell breaking 
strength, kg force 
Egg wt., g Yolk wt., g Haugh Unit Eggshell, % 
Main Effect of FORPLUS™      
0% FORPLUS™ 4.34 71.5a 23.7a 67.6 9.26b 
2% FORPLUS™ 4.28 68.2b 22.3b 71.1 9.48a 
SEM 0.07 0.44 0.26 1.39 0.07 
P-value 0.58 <0.01 <0.01 0.10 0.05 
      
Main Effect of Zn Source      
ZnO 4.32 69.8 23.2 68.7 9.42 
Bioplex® Zn 4.31 69.9 22.8 70.0 9.32 
SEM  0.07 0.44 0.26 1.39 0.07 
P-value 0.89 0.91 0.27 0.51 0.38 
      
Interaction Effects      
0% FORPLUS™ + ZnO 4.32 71.3 23.9 67.3 9.27 
2% FORPLUS™ + ZnO 4.32 68.3 22.5 70.1 9.56 
0% FORPLUS™ + Bioplex® Zn 4.36 71.7 23.5 68.0 9.25 
2% FORPLUS™ + Bioplex® Zn 4.25 68.1 22.1 72.1 9.39 
SEM  0.10 0.62 0.37 1.97 0.10 
P-value 0.64 0.67 0.95 0.74 0.47 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different (P≤0.05) 
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Table 3.5 Dietary effects of FORPLUS™ level and Zn source on broiler breeder egg quality at 36 weeks of lay 
 
Eggshell breaking 
strength, kg force 
Egg wt., g Yolk wt., g Haugh Unit Eggshell, % 
Main Effect of FORPLUS™      
0% FORPLUS™ 3.82 71.8a 24.9a 60.8 9.18b 
2% FORPLUS™ 3.85 68.4b 23.3b 60.7 9.51a 
SEM 0.10 0.48 0.44 1.24 0.10 
P-value 0.83 <0.01 0.03 0.96 0.05 
      
Main Effect of Zn Source      
ZnO 3.90 70.7 24.5 62.5 9.30 
Bioplex® Zn 3.77 69.4 23.8 58.9 9.38 
SEM  0.10 0.48 0.44 1.24 0.10 
P-value 0.37 0.10 0.30 0.07 0.61 
      
Interaction Effects      
0% FORPLUS™ + ZnO 3.86 73.0 25.5 61.4 9.06 
2% FORPLUS™ + ZnO 3.97 68.4 23.4 63.6 9.55 
0% FORPLUS™ + Bioplex® Zn 3.78 70.6 24.3 60.1 9.29 
2% FORPLUS™ + Bioplex® Zn 3.76 68.3 23.3 57.8 9.46 
SEM  0.13 0.66 0.61 1.71 0.14 
P-value 0.68 0.14 0.40 0.24 0.30 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different (P≤0.05) 
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Table 3.6 Dietary effects of FORPLUS™ level and Zn source on broiler breeder egg mineral content at 25 weeks of lay 
 Cu, ppb Fe, ppm Mn, ppb Zn, ppm Se, ppb Ca, ppm P, ppm 
Main Effect of FORPLUS™        
0% FORPLUS™ 514 25.6 337b 16.9 390 541 2233 
2% FORPLUS™ 548 26.8 427a 16.4 401 538 2138 
SEM 23.7 1.88 28.6 0.51 14.8 13.5 75.1 
P-value 0.38 0.67 0.05 0.47 0.60 0.91 0.15 
        
Main Effect of Zn Source        
ZnO 588a 27.7 409 16.9 407 553 2270 
Bioplex® Zn 474b 24.6 354 16.4 383 526 2102 
SEM  24.0 1.88 28.6 0.51 14.8 13.5 75.1 
P-value 0.01 0.26 0.21 0.47 0.28 0.18 0.39 
        
Interaction Effects        
0% FORPLUS™ + ZnO 589 27.5 379 17.2 408 546 2310 
2% FORPLUS™ + ZnO 586 28.0 438 16.7 406 560 2230 
0% FORPLUS™ + Bioplex® Zn 439 23.6 294 16.7 371 535 2157 
2% FORPLUS™ + Bioplex® Zn 509 25.5 415 16.1 396 516 2046 
SEM  33.1 2.65 40.3 0.71 20.9 19.0 106 
P-value 0.29 0.79 0.46 1.00 0.55 0.41 0.89 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different (P≤0.05) 
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Table 3.7 Dietary effects of FORPLUS™ level and Zn source on broiler breeder egg mineral content at 32 weeks of lay 
 Cu, ppb Fe, ppm Mn, ppb Zn, ppm Se, ppb Ca, ppm P, ppm 
Main Effect of FORPLUS™        
0% FORPLUS™ 518a 24.9 274 16.3a 369a 541a 2234a 
2% FORPLUS™ 361b 20.9 308 12.0b 331b 418b 1628b 
SEM 34.5 1.59 25.7 0.72 11.4 20.7 103 
P-value 0.01 0.10 0.38 <0.01 0.04 <0.01 <0.01 
        
Main Effect of Zn Source        
ZnO 434 21.6 268 13.6 348 468 1851 
Bioplex® Zn 445 24.1 314 14.6 352 490 2011 
SEM  34.5 1.59 25.7 0.72 11.4 20.7 103 
P-value 0.83 0.29 0.23 0.35 0.81 0.46 0.29 
        
Interaction Effects        
0% FORPLUS™ + ZnO 518 24.3 250 16.3 374 555 2294 
2% FORPLUS™ + ZnO 350 19.0 285 10.9 322 381 1408 
0% FORPLUS™ + Bioplex® Zn 519 25.5 298 16.2 364 526 2175 
2% FORPLUS™ + Bioplex® Zn 371 22.7 330 13.0 340 454 1847 
SEM  48.8 2.25 36.3 1.01 16.1 29.3 146 
P-value 0.84 0.60 0.97 0.32 0.41 0.11 0.08 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different (P≤0.05) 
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Figure 3.1 Main effect of dietary Zn source on hen day production 
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Table 3.8 Dietary effects of FORPLUS™ level and Zn source on broiler breeder hen day 
production 
 Peak HDP, % Post-Peak HDP, % 
Overall 
HDP, % 
 (1-27 wk of lay) (28-45 wk of lay) (1-45 wk of lay) 
Main Effect of FORPLUS™    
0% FORPLUS™ 53.3 46.2 51.4 
2% FORPLUS™ 56.4 47.7 53.5 
SEM 1.33 1.21 1.19 
P-value 0.13 0.38 0.23 
    
Main Effect of Zn Source    
ZnO 55.1 49.0a 53.6 
Bioplex® Zn 54.7 44.9b 51.3 
SEM  1.33 1.21 1.19 
P-value 0.85 0.03 0.20 
    
Interaction Effects    
0% FORPLUS™ + ZnO 53.3 47.4 51.9 
2% FORPLUS™ + ZnO 56.8 50.6 55.2 
0% FORPLUS™ + Bioplex® Zn 53.3 44.9 50.8 
2% FORPLUS™ + Bioplex® Zn 56.0 44.8 51.8 
SEM  1.89 1.71 1.69 
P-value 0.85 0.35 0.50 
a,bFor each group of main effects and interaction effects, means within the same 
column without common letters are significantly different (P≤0.05)  
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Table 3.9 Dietary effects of FORPLUS™ level and Zn source on broiler breeder fertility and offspring hatch at 19-20 weeks of lay 
 
Fertility, % 
Embryo 
Mortality, % 
Hatchability, % 
Hatch of 
Fertile, % 
No Pip, 
% 
Pip Dead, 
% 
Pip Alive, 
% 
Main Effect of FORPLUS™        
0% FORPLUS™ 97.3 3.10 83.3 85.7 8.65 1.88 0.94 
2% FORPLUS™ 98.6 3.11 80.5 83.2 12.0 0.94 0.84 
SEM 0.98 1.30 3.75 3.17 2.12 0.91 0.48 
P-value 0.39 1.00 0.60 0.59 0.29 0.48 0.89 
        
Main Effect of Zn Source        
ZnO 96.9 3.55 82.2 85.0 9.91 1.22 0.73 
Bioplex® Zn 99.0 2.66 81.6 83.9 10.7 1.60 1.05 
SEM  0.98 1.30 3.75 3.17 2.12 0.91 0.48 
P-value 0.15 0.64 0.90 0.81 0.79 0.77 0.65 
        
Interaction Effects        
0% FORPLUS™ + ZnO 95.6 4.88 81.3 85.3 7.78 1.96 0.52 
2% FORPLUS™ + ZnO 98.2 2.22 83.1 84.7 12.0 0.48 0.94 
0% FORPLUS™ + Bioplex® Zn 99.1 1.32 85.3 86.1 9.52 1.80 1.36 
2% FORPLUS™ + Bioplex® Zn 98.9 4.00 77.8 81.7 11.9 1.40 0.74 
SEM  1.38 1.84 5.31 4.48 3.00 1.29 0.69 
P-value 0.32 0.17 0.40 0.68 0.76 0.68 0.46 
 
94 
 
Table 3.10 Dietary effects of FORPLUS™ level and Zn source on broiler breeder fertility and offspring hatch at 30-31 weeks of lay 
 
Fertility, % 
Embryo 
Mortality, % 
Hatchability, % 
Hatch of 
Fertile, % 
No Pip, 
% 
Pip Dead, 
% 
Pip Alive, 
% 
Main Effect of FORPLUS™        
0% FORPLUS™ 87.9 7.08 66.1b 75.8 12.8 1.86 2.96 
2% FORPLUS™ 92.3 6.84 74.0a 80.2 10.3 1.79 1.22 
SEM 2.91 1.07 1.65 2.33 2.36 0.41 0.76 
P-value 0.31 0.88 0.01 0.21 0.46 0.91 0.14 
        
Main Effect of Zn Source        
ZnO 90.8 6.42 70.3 77.80 12.3 2.41 1.63 
Bioplex® Zn 89.5 7.50 69.8 78.17 10.8 1.24 2.55 
SEM  2.91 1.07 1.65 2.33 2.36 0.41 0.76 
P-value 0.76 0.49 0.84 0.91 0.67 0.07 0.41 
        
Interaction Effects        
0% FORPLUS™ + ZnO 90.5 6.83 66.6 74.3 15.5 1.98 2.40 
2% FORPLUS™ + ZnO 91.0 6.00 74.0 81.3 9.06 2.84 0.86 
0% FORPLUS™ + Bioplex® Zn 85.3 7.32 65.7 77.3 10.2 1.74 3.52 
2% FORPLUS™ + Bioplex® Zn 93.7 7.68 74.0 79.0 11.4 0.74 1.58 
SEM  4.11 1.51 2.33 3.29 3.33 0.58 1.08 
P-value 0.36 0.70 0.84 0.44 0.28 0.14 0.86 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different P≤0.05) 
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Table 3.11 Dietary effects of FORPLUS™ level and Zn source on broiler breeder fertility and offspring hatch at 35-37 weeks of lay 
 
Fertility, % 
Embryo 
Mortality, % 
Hatchability, % 
Hatch of 
Fertile, % 
No Pip, 
% 
Pip Dead, 
% 
Pip Alive, 
% 
Main Effect of FORPLUS™        
0% FORPLUS™ 87.4 3.97 59.5 73.3 18.4 2.97 0.44 
2% FORPLUS™ 85.6 3.47 66.5 82.9 11.6 1.10 0.47 
SEM 3.77 1.02 5.41 3.24 2.43 0.75 0.29 
P-value 0.74 0.74 0.39 0.06 0.07 0.11 0.94 
        
Main Effect of Zn Source        
ZnO 88.8 3.79 62.8 75.7 17.1 2.60 0.23 
Bioplex® Zn 84.1 3.65 63.2 80.4 13.0 1.47 0.68 
SEM  3.77 1.02 5.41 3.24 2.43 0.75 0.29 
P-value 0.39 0.92 0.96 0.34 0.26 0.31 0.30 
        
Interaction Effects        
0% FORPLUS™ + ZnO 94.1 4.97 52.4 63.7b 26.4a 3.37 0.45 
2% FORPLUS™ + ZnO 83.5 2.62 73.2 87.8a 7.68b 1.82 0.00 
0% FORPLUS™ + Bioplex® Zn 80.7 2.98 66.7 82.9a 10.5b 2.56 0.42 
2% FORPLUS™ + Bioplex® Zn 87.6 4.32 59.7 77.9a 15.5b 0.38 0.94 
SEM  5.16 1.44 7.61 4.56 3.42 1.05 0.41 
P-value 0.14 0.23 0.10 0.01 0.01 0.77 0.27 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different P≤0.05) 
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Table 3.12 Dietary effects of FORPLUS™ level and Zn source on broiler breeder fertility and offspring hatch at 41-43 weeks of lay 
 
Fertility, % 
Embryo 
Mortality, % 
Hatchability, % 
Hatch of 
Fertile, % 
No Pip, 
% 
Pip Dead, 
% 
Pip Alive, 
% 
Main Effect of FORPLUS™        
0% FORPLUS™ 83.6 4.86 70.6 85.6 13.1 0.73 0.56 
2% FORPLUS™ 85.4 3.64 70.0 84.5 13.0 1.55 0.97 
SEM 4.01 1.95 5.44 2.82 2.88 0.30 0.53 
P-value 0.76 0.67 0.94 0.80 0.97 0.08 0.59 
        
Main Effect of Zn Source        
ZnO 86.5 4.08 72.8 83.3 14.8 0.89 1.03 
Bioplex® Zn 82.5 4.42 67.8 86.8 11.4 1.39 0.50 
SEM  4.02 1.95 5.45 2.82 2.88 0.30 0.53 
P-value 0.48 0.90 0.52 0.41 0.42 0.27 0.49 
        
Interaction Effects        
0% FORPLUS™ + ZnO 88.2 6.79 71.3 77.9c 20.1a 0.81 1.11 
2% FORPLUS™ + ZnO 84.8 1.36 74.4 88.7ab 9.42ab 0.96 0.94 
0% FORPLUS™ + Bioplex® Zn 78.9 2.92 70.0 93.2a 6.16b 0.64 0.00 
2% FORPLUS™ + Bioplex® Zn 86.0 5.92 65.6 80.3bc 16.6a 2.14 1.00 
SEM  5.49 2.74 7.45 3.96 4.05 0.43 0.74 
P-value 0.37 0.16 0.63 0.01 0.03 0.14 0.45 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different P≤0.05) 
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CHAPTER 4. Effects of Broiler Breeder Dietary Microalgae Level and Zn Source on 
Offspring Skeletal Leg Development at Hatch 
 
ABSTRACT 
 
Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) and zinc (Zn) are known to 
beneficial for broiler skeletal development, yet very little information exists on the effects 
of dietary n-3 PUFA supplementation and Zn source on the skeletal development of broiler 
breeder offspring.  FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell microalgae 
(Aurantiochytrium limacinum CCAP 4087/2) source of n-3 PUFA and DHA in particular.  
Bioplex® Zn (Alltech, Inc.) is a Zn-proteinate product that is more bioavailable to poultry 
than some other sources of inorganic Zn.  A 2x2 factorial, randomized complete block 
study was designed to evaluate the dietary effects of FORPLUS™ level (0% vs 2%) and 
Zn source (Bioplex® Zn vs ZnO) on broiler breeder offspring skeletal leg bone 
morphology, growth plate morphology, and bone-specific alkaline phosphatase activity 
(BALP).  The 4 breeder dietary treatments were 1) corn-soybean meal based diet + 40 mg 
ZnO/kg diet, 2) diet 1 + 2% FORPLUS™, 3) corn-soybean meal based diet + 40 mg 
Bioplex® Zn/kg diet, 4) Diet 3 + 2% FORPLUS™.  A total of 240 Cobb 500™ broiler 
breeder hens and 20 roosters were randomly assigned to each dietary treatment resulting in 
5 replicate floor pen groups of 12 broiler breeder hens plus 1 broiler breeder rooster.  Fertile 
broiler breeder eggs were collected and set in 10-week intervals; during 19-20 weeks of 
lay (peak lay), 30-31 weeks of lay (post-peak lay), and 41-43 weeks of lay (post-peak lay).  
At each hatching period measurements of tibia and femur leg morphology, tibia and femur 
proximal growth plate zone heights, and serum BALP were collected.  Interaction effects 
and main effects of breeder dietary factors were observed on offspring skeletal leg 
morphology.  At 19-20 wk of lay breeder diets containing Bioplex® Zn without 
FORPLUS™ increased (P≤0.05) offspring tibia length compared to diets containing ZnO 
without FORPLUS™.  Femur epiphyseal widths were greater (P≤0.05) in offspring from 
breeders fed 2% vs 0% FORPLUS™.  In regard to Zn source, distal femur epiphyseal 
widths were greater (P≤0.05) in offspring from breeders fed Bioplex® Zn vs ZnO.  At 30-
31 wk of lay tibia lengths were reduced (P≤0.05) in offspring from breeders fed 0% 
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FORPLUS™ + ZnO compared to offspring from breeders fed other diets.  Diaphysis width 
was decreased (P≤0.05) in offspring from breeders fed diets with 2% FORPLUS™ + 
Bioplex® Zn compared to other offspring from breeders fed other dietary treatments except 
for 0% FORPLUS™ + ZnO.  At 41-43 wk of lay offspring from breeders fed diets 
supplemented with 0% + Bioplex® Zn vs 2% FORPLUS™ + Bioplex® Zn had greater 
(P≤0.05) tibia proximal epiphyseal width and femur diaphysis width.  Supplementation of 
2% vs 0% FORPLUS™ reduced (P≤0.05) femur length and distal epiphyseal width.  At 
19-20 weeks of lay offspring from breeders fed diets with Bioplex® Zn vs ZnO had greater 
(P≤0.05) proliferative zone height, hypertrophic zone height, and cumulative zone height.  
At 30-31 wk of lay offspring from breeders fed diets with 0% FORPLUS™ + Bioplex® Zn 
had increased (P≤0.05) hypertrophic zone height and cumulative zone height compared to 
offspring from other breeders except the breeders fed 2% FORPLUS™ + ZnO.  Offspring 
from breeders fed diets with 2% vs 0% FORPLUS™ or Bioplex® Zn vs ZnO had increased 
(P≤0.05) tibia hypertrophic zone height and cumulative zone height.  At 19-20 wk of lay 
offspring from breeders fed diets with Bioplex® Zn vs ZnO had greater (P≤0.05) serum 
BALP.  In summary, broiler breeder dietary supplementation with FORPLUS™ or 
Bioplex® Zn improved offspring skeletal development, with Bioplex® Zn having the 
greatest impact on broiler breeder offspring skeletal development during peak lay.     
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4.1 Introduction 
Leg weakness and lameness as a result of skeletal leg disorders and deformities are 
issues that cause concern for animal welfare and negatively affect the poultry industry. 
Skeletal leg disorders and deformities pose a welfare concern because they may cause pain 
and impair a bird’s ability to walk, thereby disrupting normal eating and drinking habits 
and behaviors (Kestin et al., 1992; Bradshaw et al., 2002; Dinev, 2009; Nääs et al., 2009). 
Consequences of moderate to severe lameness in broilers are lower growth rates, culling, 
processing downgrades, and ultimately profit losses (Bradshaw et al., 2002; Knowles et 
al., 2008; Dinev, 2009; Gocsik et al., 2017; Wijesurendra et al., 2017).  It is estimated that 
lameness affects an average of 21.4% of European broiler flocks and approximately 3.0% 
of broilers may need to be culled due to severe lameness (Bassler et al., 2013; Marchewka 
et al., 2013; Kittelsen et al., 2015; Tullo et al., 2017; Granquist et al., 2019).  In the United 
States there is a lack of recent, comprehensive studies on the incidence of lameness in 
broilers, although it has been claimed that up to 6% of broilers have obvious skeletal 
abnormalities or leg problems and 2% of broiler flocks suffer losses due to lameness 
(Dunkley, 2007; Mitchell, 2014).   
With regard to broiler breeding, genetic selection against skeletal leg problems in 
broilers is a slow process and some researchers have indicated that changes to nutrition and 
living environment may be more effective (Angel, 2007; Knowles et al., 2008; Rekaya et 
al., 2013; Mitchell, 2014; González-Cerón et al., 2015).  Management strategies to improve 
broiler leg health have its limitations.  Enrichment of broiler houses to induce exercise have 
not been successful in limiting skeletal leg problems (Sherlock et al., 2010; Bailie et al., 
2018; Meyer et al., 2019).    Litter choice is important for leg health, but if litter quality 
deteriorates remedies to lessen its impact on leg health are very limited (Su et al., 2000).  
Stocking density may improve leg health as it has consequences on litter quality, but 
lowering stocking density to the extent of reducing leg problems would be very cost 
prohibitive for many producers (Knowles et al., 2008).  Longer periods of darkness (Cobb-
Vantress, 2012; Bassler et al., 2013; Aviagen, 2018) and control of toxin exposure can also 
reduce or prevent skeletal disorders but have finite application in skeletal development and 
health. 
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Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) can be transferred from 
broiler breeder diets to offspring tissues (Lin et al., 1991; Pappas et al., 2006; Hall et al., 
2007; Bautista-Ortega et al., 2009; Cherian et al., 2009; Koppenol et al., 2015a) and are 
known to improve bone quality in poultry species (Watkins et al., 1996a; Watkins et al., 
1997b; Liu et al., 2003; Fleming, 2008).  However, there is a lack of research on the effect 
of broiler breeder dietary n-3 PUFA supplementation on offspring skeletal development.  
FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell microalgae (Aurantiochytrium 
limacinum CCAP 4087/2) source of n-3 PUFA.  It contains 64% fat with 16% of that fat 
as docosahexaenoic acid (DHA).  Microalgae rich in n-3 PUFA may be considered as a 
sustainable, alternative to fish oil which is a common source of n-3 PUFA in poultry diets.     
It is well known that zinc (Zn), an essential trace element and nutrient, is an integral 
component of numerous enzymes and proteins.  These Zn-dependent molecules have 
important roles in numerous biochemical and metabolic functions such as cell growth and 
proliferation, cell differentiation, gene expression, and immunity (Vallee and Falchuk, 
1993; Plum et al., 2010; Haase and Rink, 2014a, b).  Zn is also essential for skeletal 
development, specifically due to its role in stimulating the synthesis of collagen and 
chondroitin for bone matrix and structure formation (Brandao-Neto et al., 1995) as well as 
its role in osteoblast proliferation and activity (Seo et al., 2010).  Supplementation of 
organic Zn vs inorganic Zn in breeder diets resulted in reduced incidence of skeletal leg 
abnormalities of offspring (Hudson et al., 2005), revealing the importance of Zn source in 
offspring skeletal leg health.  Blending organic trace minerals such as Cu, Mn, and Zn with 
their inorganic counterparts in broiler breeder diets improved offspring bone calcification 
rate, morphology, and biomechanical properties during the late embryonic development 
(Favero et al., 2013).  Bioplex® Zn (Alltech, Inc.) is a Zn-proteinate product that is more 
bioavailable to broilers than some other sources of inorganic Zn (Ao et al., 2006; Ao et al., 
2011).  The objective of this study was to evaluate two levels of dietary FORPLUS™ and 
two sources of Zn in broiler breeder diets on offspring skeletal leg development at hatch. 
4.2 Materials and Methods 
These experiments were conducted in accordance with the University of Kentucky 
Institutional Animal Care and Use Committee protocols. 
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4.2.1 Experimental Design 
A complete randomized block design with a 2x2 factorial treatment arrangement 
consisting of 2 levels of microalgae supplementation (0% vs 2% FOPRLUS™) and two 
sources of supplemental Zn (ZnO vs Bioplex® Zn) was used for this study.  A total of 240, 
Cobb 500™ broiler breeder hens and 20 Cobb 500™ broiler breeder roosters were 
randomly assigned to four dietary treatments.  This resulted in 5 replicate floor pen groups 
of 12 broiler breeder hens plus 1 broiler breeder rooster per dietary treatment.  The four 
dietary treatments were 1) corn-soybean meal based diet + 40 mg ZnO/kg diet, 2) diet 1 + 
2% FORPLUS™, 3) corn-soybean meal based diet + 40 mg Bioplex® Zn/kg diet, 4) Diet 
3 + 2% FORPLUS™.  These diets were formulated to meet or exceed the energy and 
nutrient requirements (NRC, 1994) before lay, during peak lay (1-27 weeks of lay), and 
during post-peak lay (27-45 weeks of lay) (Table 4.1 and Table 4.2).  Broiler breeders were 
provided ad libitum access to water and  supplied feed on a daily feeding regimen in a 
feeding trough as per the Cobb® Breeder Management Guide (Cobb-Vantress, 2012).     
The broiler breeders were housed in floor pen units that measured approximately 
1.22 x 1.83 sq. meters.  The litter for each pen was 100% large flake, pine wood shavings 
supplied at approximately 3.66 cu. meters per pen and refreshed as needed.  Broiler 
breeders were raised in an ambient temperature range of 18.3 to 29.4 °C.  Prior to the onset 
of lay, a two-tier nest box that could accommodate up to four birds at a time was added to 
each pen.  Photostimulation was provided as 15 hours of light and 9 hours of darkness 
throughout the entire laying period. 
Fertile eggs were collected from each breeder pen at 10-week intervals during 19-
20 weeks of lay (peak lay), 30-31 weeks of lay (post-peak lay), and 41-43 weeks of lay 
(post-peak lay) for evaluation of offspring skeletal development.  At each collection time 
point, the eggs were set in a Nature Form Incubator (model 4680).  Eggs were separated 
and incubated by pen using incubator trays.  The incubator temperature and relative 
humidity conditions were set to 37.5°C and 60%, respectively.  On embryonic day 18, eggs 
were transferred to a Nature Form Hatcher (model 45) where the temperature was 
maintained at 36.9°C and relative humidity was set to 64%.  Eggs were grouped and labeled 
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by pen using wooden dividers in hatcher trays.  Newly hatched, straight-run broiler chicks 
were removed from the hatcher after 21 days of incubation for sample collection. 
 
4.2.2 Skeletal Leg Bone Gross Morphology 
A total of five, newly hatched broiler chicks were randomly selected from each 
broiler breeder dietary treatment were euthanized via argon gas asphyxiation and cervical 
dislocation for collection of tibias and femurs.  Bone length, diaphysis width, proximal 
epiphyseal width, and distal epiphyseal width measurements on the left and right tibias 
were obtained using digital calipers and averaged.  The same measurements were obtained 
on left and right femurs.   
 
4.2.3 Skeletal Leg Growth Plate Morphology 
The proximal epiphyseal growth plates from the tibia and femur were collected 
from five, randomly selected newly hatched chicks per broiler breeder dietary treatment.  
Growth plates were fixed in 10% neutral buffered formalin for a minimum of 48 hours.  
After fixation the growth plate specimens were rinsed in slowly running tap water for a 
minimum of 30 minutes.  Growth plate specimens were then decalcified in 8% (v/v) 
hydrochloric acid, 8% (v/v) formic acid solution.  The decalcifying acid solution was 
changed each day until decalcification was complete (approximately 72 hours) (Prophet et 
al., 1992).  Growth plate specimens were then rinsed in tap water for 1 hour before 
dehydration in a graded series of ethanol, clearing with d-limonene (Fisherbrand™ 
CitriSolv™, Fisher Scientific International Inc.), and infiltration with paraffin wax 
(Thermo Scientific™ STP 120 Spin Tissue Processor).  Growth plates were then embedded 
in paraffin wax (Thermo Scientific™ Microm HM EC 350 Modular Tissue Embedding 
Center) and microscope slides were created at a 7 µm thickness (Thermo Scientific™ 
Microm HM 340E Electronic Microtome).  Slides were stained with Harris’s hematoxylin 
(Statlab®, McKinney, TX) and counterstained with eosin y plus phloxine solution (Sigma-
Aldrich™, St. Louis, MO) following procedure of Prophet et al. (1992) with slight 
modification.  Microscope slides were examined with a Nikon® Eclipse E400 light 
microscope at 40x magnification.  Microscopic images were captured with a SPOT Flex 
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camera.  Captured images were used to measure proliferative chondrocyte zone height, 
hypertrophic chondrocyte zone height with ImageJ (v1.50d, National Institute of Health) 
java based image processing program.  The cumulative proliferative zone and hypertrophic 
zone heights (sum of zone heights) were calculated.        
 
4.2.4 Bone-specific Alkaline Phosphatase Assay 
Whole blood was collected via heart puncture from five, randomly selected newly 
hatched chicks per broiler breeder dietary treatment and combined to form one replicate.  
A total of five replicate samples were obtained for each broiler breeder dietary treatment.  
Serum was collected from whole blood by centrifuging samples at 1200 rcf for 15 minutes 
at room temperature.  Serum that was not immediately analyzed was stored cryogenically 
at -80°C.  Following manufacture instructions, serum samples were diluted and prepared 
in duplicate for analysis with a chicken bone-specific alkaline phosphatase (BALP) 
competitive ELISA kit (MyBioSource Inc., San Diego, CA) and 96-well plate reader 
(Gen5™, BioTek® Instruments, Inc.).  SigmaPlot Software, version 13.0 (Systat Software, 
Inc., San Jose, CA) was used to calculate a four-parameter logistic standard curve and 
estimate serum BALP concentration.     
 
4.2.5 Statistical Analysis 
All data were subjected to a two-way analysis of variance using the general linear 
model procedures of SAS® Software, version 9.4 (SAS, 2016).  Broiler breeder floor pen 
served as the experimental unit.  The model included the fixed effect of block by incubator 
hatching tray location, the main effect of dietary FORPLUS™ level, the main effect of 
supplemental Zn source and the interaction effect of those two factors for all measured and 
calculated variables.  Mean values were separated and compared using Fisher’s protected 
least significant difference test. Mean values were declared significantly different for P 
values ≤ 0.05. 
 
104 
 
4.3 Results and Discussion 
4.3.1 Skeletal Leg Bone Gross Morphology 
An interaction effect of broiler breeder dietary FORPLUS™ level and Zn source 
when breeders were at 19-20 weeks of lay was observed on newly hatched offspring tibia 
length (Table 4.3).  Offspring from breeders fed diets with 0% FORPLUS™ + Bioplex® 
Zn had greater (P=0.01) tibia length (28.3 vs 27.0 mm) compared to offspring from 
breeders fed diets with 0% FORPLUS™ + ZnO.  Main effects of broiler breeder dietary 
FORPLUS™ level and Zn source were also observed on femur gross morphology (Table 
4.3).  Offspring from breeders fed diets with 2% FORPLUS™ had greater femur proximal 
epiphyseal width and distal epiphyseal width compared to offspring from breeders fed diets 
without FORPLUS™.  Offspring from breeders fed diets containing Bioplex® Zn had 
greater femur distal epiphyseal width than offspring from breeders fed diets with ZnO. 
Interaction effects of broiler breeder dietary FORPLUS™ level and Zn source when 
breeders were at 30-31 weeks of lay were observed on offspring tibia length and diaphysis 
width (Table 4.4).  Offspring from breeders fed diets with 0% FORPLUS™ + ZnO had the 
smallest tibia lengths compared to offspring from breeders fed any other diet.  Tibia 
diaphysis width was decreased in offspring from breeders fed diets with 2% FORPLUS™ 
+ Bioplex® Zn compared to other offspring from breeders fed other dietary treatments 
except for 0% FORPLUS™ + ZnO.  No effects of breeder diet at 30-31 weeks of lay were 
observed on offspring gross femur morphology.   
An interaction effect of broiler breeder dietary FORPLUS™ level and Zn source 
when breeders were at 41-43 weeks of lay was observed on offspring tibia proximal 
epiphyseal width and femur diaphysis width (Table 4.5).  Offspring from breeders fed diets 
with 0% FORPLUS™ + Bioplex® Zn had greater tibia proximal epiphyseal width and 
femur diaphysis width compared to offspring from breeders fed diets with 2% 
FORPLUS™ + Bioplex® Zn.  A main effect of broiler breeder dietary FORPLUS™ level 
was also observed on femur length and distal epiphyseal width.  Offspring from breeders 
fed diets with 2% FORPLUS™ had decreased femur length and distal epiphyseal width 
compared to offspring from breeders fed diets not containing FORPLUS™.  Offspring tibia 
distal epiphyseal width also tended (P=0.06) to decrease due to 2% FORPLUS™ in breeder 
diets.   
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Breeder dietary supplementation of Bioplex® Zn or FORPLUS™ during lay 
improved bone morphology of offspring at hatch, with most changes observed in the bone 
length and epiphysis width.  The epiphysis and metaphysis contains more trabecular bone 
which is more porous and has higher resistance to strain than cortical bone found in the 
diaphysis (Howlett, 1980; Xu et al., 1995; Villemure and Stokes, 2009; Hart et al., 2017).  
It is possible that both Bioplex® Zn and FORPLUS™ positively influenced trabecular bone 
formation although further evaluation is needed to confirm this.  Maternal fish oil 
supplementation in quail was found to increase the bone n-3 PUFA content of their 
offspring at hatch and up to one week after hatch compared to soybean oil supplementation 
(Liu and Denbow, 2001).  Female rats provided DHA during pregnancy and lactation 
produced offspring with increased osteoblast density and trabecular bone formation (Fong 
et al., 2012).  Exposure to dietary n-3 PUFA at a young age accelerated bone growth and 
improved bone quality in mice (Koren et al., 2014).  DHA is especially critical for 
osteoblastogenesis and bone formation during bone modelling in young animals (Watkins 
et al., 2003) as it activates free fatty acid receptor 4 in mature osteoblasts and osteoclasts 
to stimulate bone formation and decrease resorption, respectively (Ahn et al., 2016). 
In regards to breeder trace mineral source, a blend of organic and inorganic Cu, Mn 
and Zn supplementation in broiler breeder diets improved offspring tibia and femur 
diaphysis width at 14 days of embryonic development compared to inorganic trace mineral 
supplementation alone (Favero et al., 2013).  Kidd et al. (1992) found that tibia dry weight 
was greater in offspring from breeders fed organic Zn vs inorganic Zn.  Ash content 
remained the same between the two groups.  Dry weight accounts for the organic and 
inorganic components of bone whereas ash accounts mainly for the inorganic portion of 
bone.  Their results indicate that dietary breeder Zn source may have affected the organic 
portion of offspring bone which contains collagen, protein, enzymes, etc.  Zn is known to 
control the initiation of mineralization in bones, influence osteoblast activity, and increase 
growth plate chondrocyte protein and enzyme activity (Litchfield et al., 1998; Kirsch et al., 
2000; Kwun et al., 2010; Seo et al., 2010).  In rats organic Zn has been shown to increase 
the Zn content in bone as well as Ca content and enzyme activity related to bone formation 
compared to inorganic Zn (Yamaguchi et al., 2004).     
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Later in lay, 2% FORPLUS™ began to negatively impact offspring skeletal 
morphology and an antagonist relationship between 2% FORPLUS™ and Bioplex® Zn 
appeared to have developed.  It should be noted that 2% FORPLUS™ was also found to 
significantly reduce (P<0.01) chick hatching weight by approximately 2 g or 4.3 % during 
post-peak lay (data not shown) which may have contributed to reduced skeletal leg size.  
Breeders fed diets supplemented with various sources of n-3 PUFA have resulted in smaller 
eggs (Pappas et al., 2005; Cherian, 2008; Koppenol et al., 2014) and reduced chick weight 
at hatch (Koppenol et al., 2015c). 
           
4.3.2 Skeletal Leg Bone Growth Plate Morphology 
Main effects of broiler breeder dietary Zn source during 19-20 weeks of lay on 
offspring femur growth plate morphology were observed (Table 4.6).  Offspring from 
breeders fed diets with Bioplex® Zn had greater proliferative zone height, hypertrophic 
zone height, and cumulative zone height compared to offspring from breeders fed ZnO. 
Offspring from breeders fed diets with 0% FORPLUS™ + Bioplex® Zn tended to have 
higher tibia hypertrophic zone height and cumulative zone height compared to offspring 
from other breeders.   
Interaction effects of broiler breeder dietary FORPLUS™ level and Zn source 
during 30-31 weeks of lay on offspring femur growth plate morphology were observed 
(Table 4.7).  The offspring from breeders fed diets with 0% FORPLUS™ + Bioplex® Zn 
had the increased hypertrophic zone height and cumulative zone height compared to 
offspring from other breeders except the breeders fed 2% FORPLUS™ + ZnO.  No effects 
of breeder diet on offspring tibia growth plate morphology were detected.    
Only main effects of breeder dietary FORPLUS™ level and Zn source during 41-
43 weeks of lay were detected on offspring tibia growth plate morphology (Table 4.8).  
Chicks hatched from breeders fed diets with 2% FORPLUS™ had increased tibia 
hypertrophic zone height and cumulative zone height compared to chicks hatched from 
breeders fed diets without FORPLUS™.  Chicks hatched from breeders fed diets with 
Bioplex® Zn also had increased tibia hypertrophic zone height and cumulative zone height 
compared to chicks hatched from breeders fed diets containing ZnO. 
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Based on these results, broiler breeder Bioplex® Zn supplementation was more 
effective in altering offspring growth plate zone height throughout lay whereas 
FORPLUS™ supplementation was most effective towards the end of lay.  Zn  needed for 
growth plate chondrocyte proliferation (Wang et al., 2002) and is known to increase growth 
plate chondrocyte protein production, enzyme activity and collagen content in bone 
(Yamaguchi and Takahashi, 1984; Litchfield et al., 1998).  In rats, organic sources of Zn 
have been shown to be improve bone Zn content and bone formation compared to inorganic 
Zn (Yamaguchi et al., 2004).  The fatty acid profile and function of growth plate 
chondrocytes are also sensitive to changes in dietary PUFA.  Broiler chicks fed diets with 
a blend of menhaden oil and corn oil from hatch had increased DPA, DHA, and total n-3 
PUFA in the proximal tibia growth plate cartilage at 3 weeks of age compared to broiler 
chicks fed diets with soybean oil (Xu et al., 1994).  The avian epiphyseal growth plate 
chondrocytes are sensitive to n-6 PUFA and exhibit decreased collagen synthesis when 
cultured with excess LA (Watkins et al., 1996b).  Exposure to dietary n-3 early in life 
resulted in thicker chondrocyte proliferative and hypertrophic zones in mice growth plates 
(Koren et al., 2014).    
  
4.3.3 Bone-specific Alkaline Phosphatase  
Results from Table 4.9 show that a main effect of broiler breeder dietary Zn source 
during 19-20 weeks of lay (peak lay) was observed for offspring serum BALP activity.  
Chicks hatched from breeders fed diets with Bioplex® Zn had greater (P<0.01) serum 
BALP (11.4 vs 4.75 ng/ml) activity than chicks hatched from breeders fed diets with ZnO.  
No effects of broiler breeder diet on offspring serum BALP were detected at any other time 
points.  Alkaline phosphatase (ALP) appearance in the growth plate is an indicator of 
chondrocyte hypertrophy and calcification (Pines and Hurwitz, 1991).  It is also an 
important biomarker of bone formation as a measure of osteoblast proliferation and 
differentiation (Seo et al., 2010).  Zn deficiency reduces ALP activity in osteoblastic cell 
culture (Kwun et al., 2010), whereas Zn supplementation increases ALP activity in 
osteoblastic cell culture (Seo et al., 2010), growth plate chondrocyte cell culture (Litchfield 
et al., 1998), and rat femur in vivo (Yamaguchi and Takahashi, 1984; Yamaguchi and 
Yamaguchi, 1986).  Similar to the results presented in this study, Yamaguchi reported that 
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dietary supplementation of organic Zn vs ZnO increased ALP activity in rat femur 
diaphysis (Yamaguchi et al., 2004).   
 
4.4 Summary and Conclusions 
Bioplex® Zn supplementation in broiler breeder diets had positive impacts on 
offspring skeletal leg morphology, growth plate morphology, and serum BALP activity 
during peak lay.  Bioplex® Zn continued to improve offspring skeletal leg morphology and 
growth plate morphology into post-peak lay.  In peak lay, 2% FORPLUS™ improved 
offspring skeletal leg morphology.  However, later in lay 2% FORPLUS™ negatively 
impacted offspring skeletal leg morphology.  These results indicate Bioplex® Zn 
supplementation was very effective at improving offspring skeletal development especially 
during peak lay.  
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4.5 Tables 
Table 4.1 Diet and nutrient composition of broiler breeder peak lay diets 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 
Corn 67.3 65.0 67.3 65.0 
Soybean meal (48% CP) 22.0 21.5 22.0 21.5 
Alfalfa meal (17% CP) 0.78 2.02 0.78 2.02 
Oyster shell 3.00 3.00 3.00 3.00 
FORPLUS™ - 2.00 - 2.00 
Soybean oil 0.52 0.08 0.52 0.08 
Limestone (38% Ca) 3.80 3.75 3.80 3.75 
Dicalcium Phosphate 1.65 1.65 1.65 1.65 
Salt, iodized 0.40 0.39 0.40 0.39 
Vitamin premix1  0.25 0.25 0.25 0.25 
ZnO mineral premix2 0.25 0.25 - - 
Bioplex® Zn mineral premix3 - - 0.25 0.25 
DL-Methionine 0.10 0.10 0.10 0.10 
Total 100 100 100 100 
     
Nutrient Composition     
AMEn, kcal/kg 2850 2850 2850 2850 
Protein, %4 16.1 15.9 16.1 16.5 
Ca, %4 3.72 3.61 3.77 4.07 
Avail. P, % 0.41 0.41 0.41 0.41 
TSAA, %4 0.52 0.55 0.55 0.56 
Lysine, %4 0.90 0.88 0.91 0.90 
Na, % 0.18 0.18 0.18 0.18 
Total Zn, mg/kg4 84.5 79.4 89.9 94.3 
Crude Fat, %4 3.27 4.98 2.69 6.13 
DHA, %4 0.00 0.34 0.01 0.39 
Total n-3 PUFA, %4 0.09 0.44 0.09 0.51 
Total n-6 PUFA, %4 1.63 1.87 1.40 2.34 
n-6: n-3 PUFA 17.6 4.24 16.4 4.55 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU 
vitamin E, 22.0 µg of vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as 
menadione), 1.98 mg of thiamine, 6.6 mg of riboflavin, 11 mg of d-pantothenic acid, 
3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as ZnO, 1.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as Bioplex
® Zn, 1.5mg I as KIO3 
4Analyzed value 
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Table 4.2 Diet and nutrient composition of broiler breeder post-peak lay diets 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 
Corn 69.7 67.0 69.7 67.0 
Soybean meal (48% CP) 19.4 18.9 19.4 18.9 
Alfalfa meal (17% CP) 0.76 2.34 0.76 2.34 
Oyster shell 3.00 3.00 3.00 3.00 
FORPLUS™ - 2.00 - 2.00 
Soybean oil 0.34 - 0.34 - 
Limestone (38% Ca) 4.34 4.28 4.34 4.28 
Dicalcium Phosphate 1.50 1.50 1.50 1.50 
Salt, iodized 0.40 0.39 0.40 0.39 
Vitamin premix1  0.25 0.25 0.25 0.25 
ZnO mineral premix2 0.25 0.25 - - 
Bioplex® Zn mineral premix3 - - 0.25 0.25 
DL-Methionine 0.10 0.10 0.10 0.10 
Total 100 100 100 100 
     
Nutrient Composition     
AMEn, kcal/kg 2850 2850 2850 2850 
Protein, %4 15.7 15.0 14.4 14.2 
Ca, %4 4.26 4.30 3.78 3.47 
Avail. P, % 0.38 0.38 0.38 0.38 
TSAA, %4 0.47 0.52 0.55 0.49 
Lysine, %4 0.82 0.83 0.82 0.83 
Na, % 0.18 0.18 0.18 0.18 
Total Zn, mg/kg4 80.7 78.9 88.9 84.7 
Crude Fat, %4 2.75 4.46 2.64 5.37 
DHA, %4 0.00 0.30 0.02 0.42 
Total n-3 PUFA, %4 0.07 0.38 0.07 0.53 
Total n-6 PUFA, %4 1.44 1.67 1.41 1.93 
n-6: n-3 PUFA 20.17 4.41 19.1 3.68 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU 
vitamin E, 22.0 µg of vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as 
menadione), 1.98 mg of thiamine, 6.6 mg of riboflavin, 11 mg of d-pantothenic acid, 
3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as ZnO, 1.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as 
FeSO4.H2O, 75mg Mn as MnSO4.H2O, 40mg Zn as Bioplex
® Zn, 1.5mg I as KIO3 
4Analyzed value 
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Table 4.3 Effects of broiler breeder dietary FORPLUS™ level and Zn source at 19-20 weeks of lay on offspring skeletal leg morphology 
at hatch 
 Tibia  Femur 
 Length, 
mm 
Diaphysis 
width, mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width, mm 
 
Length, 
mm 
Diaphysis 
width, mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width, mm 
Main Effect of FORPLUS™     
 
    
0% FORPLUS™ 27.7 1.81 4.78 4.38  23.5 1.68 4.65b 5.01b 
2% FORPLUS™ 27.4 1.75 4.91 4.45  23.7 1.67 4.87a 5.22a 
SEM 0.18 0.02 0.09 0.09  0.16 0.03 0.07 0.04 
P-value 0.39 0.06 0.32 0.51  0.32 0.72 0.05 <0.01 
          
Main Effect of Zn Source          
ZnO 27.3 1.79 4.82 4.40  23.4 1.65 4.70 5.01b 
Bioplex® Zn 27.8 1.77 4.87 4.43  23.8 1.69 4.81 5.22a 
SEM  0.18 0.02 0.09 0.09  0.16 0.03 0.07 0.04 
P-value 0.08 0.40 0.72 0.96  0.11 0.36 0.29 <0.01 
          
Interaction Effects          
0% FORPLUS™ + ZnO 27.0b 1.81 4.63 4.25  23.2 1.65 4.59 4.86 
2% FORPLUS™ + ZnO 27.6ab 1.78 5.02 4.56  23.6 1.65 4.81 5.17 
0% FORPLUS™ + Bioplex® Zn 28.3a 1.81 4.94 4.52  23.7 1.71 4.71 5.17 
2% FORPLUS™ + Bioplex® Zn 27.3ab 1.72 4.81 4.34  23.8 1.68 4.92 5.27 
SEM  0.26 0.03 0.13 0.12  0.23 0.04 0.10 0.05 
P-value 0.01 0.34 0.06 0.07  0.44 0.71 0.96 0.07 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly different (P≤0.05)  
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Table 4.4 Effects of broiler breeder dietary FORPLUS™ level and Zn source at 30-31 weeks of lay on offspring skeletal leg morphology 
 Tibia  Femur 
 Length, 
mm 
Diaphysis 
width, mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width, mm 
 
Length, 
mm 
Diaphysis 
width, mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width, mm 
Main Effect of FORPLUS™     
 
    
0% FORPLUS™ 31.3b 1.78a 6.08 4.98  23.6 1.66 4.66 5.05 
2% FORPLUS™ 32.1a 1.68b 6.39 4.80  23.6 1.67 4.56 5.19 
SEM 0.26 0.03 0.13 0.12  0.22 0.03 0.11 0.09 
P-value 0.05 0.03 0.13 0.31  0.95 0.91 0.52 0.29 
          
Main Effect of Zn Source          
ZnO 31.4 1.74 6.36 4.78  23.5 1.63 4.58 5.15 
Bioplex® Zn 31.9 1.72 6.11 5.00  23.7 1.70 4.65 5.08 
SEM  0.26 0.03 0.13 0.12  0.22 0.03 0.11 0.09 
P-value 0.21 0.57 0.21 0.23  0.64 0.14 0.65 0.59 
          
Interaction Effects          
0% FORPLUS™ + ZnO 30.5b 1.73ab 6.03 4.74  23.4 1.62 4.54 5.05 
2% FORPLUS™ + ZnO 32.4a 1.76a 6.69 4.83  23.6 1.64 4.62 5.26 
0% FORPLUS™ + Bioplex® Zn 32.1a 1.83a 6.14 5.22  23.7 1.71 4.79 5.05 
2% FORPLUS™ + Bioplex® Zn 31.8a 1.61b 6.08 4.78  23.6 1.69 4.51 5.12 
SEM  0.37 0.04 0.19 0.17  0.31 0.04 0.15 0.13 
P-value 0.01 0.01 0.09 0.15  0.58 0.62 0.26 0.59 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly different (P≤0.05)  
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Table 4.5 Effects of broiler breeder dietary FORPLUS™ level and Zn source at 41-43 weeks of lay on offspring skeletal leg morphology 
 Tibia  Femur 
 Length, 
mm 
Diaphysis 
width, mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width, mm 
 
Length, 
mm 
Diaphysis 
width, mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width, mm 
Main Effect of FORPLUS™     
 
    
0% FORPLUS™ 33.1 1.72 6.82a 5.70  24.3 1.94a 5.12 5.61a 
2% FORPLUS™ 32.4 1.73 6.51b 5.32  23.8 1.71b 4.94 5.25b 
SEM 0.29 0.02 0.06 0.13  0.16 0.02 0.07 0.07 
P-value 0.09 0.68 0.01 0.06  0.05 <0.01 0.12 0.01 
          
Main Effect of Zn Source          
ZnO 32.8 1.75 6.67 5.54  24.3 1.86 5.06 5.48 
Bioplex® Zn 32.7 1.70 6.66 5.49  23.9 1.80 5.01 5.38 
SEM  0.29 0.02 0.06 0.13  0.16 0.02 0.07 0.07 
P-value 0.89 0.17 0.97 0.81  0.09 0.08 0.64 0.39 
          
Interaction Effects          
0% FORPLUS™ + ZnO 33.0 1.74 6.72ab 5.65  24.5 1.94a 5.11 5.71 
2% FORPLUS™ + ZnO 32.6 1.77 6.62bc 5.42  24.0 1.78b 5.00 5.25 
0% FORPLUS™ + Bioplex® Zn 33.3 1.70 6.92a 5.76  24.1 1.95a 5.13 5.51 
2% FORPLUS™ + Bioplex® Zn 32.1 1.70 6.41c 5.23  23.6 1.65c 4.89 5.26 
SEM  0.41 0.03 0.09 0.19  0.23 0.03 0.11 0.10 
P-value 0.39 0.64 0.04 0.43  0.96 0.04 0.54 0.33 
a,b,cFor each group of main effects and interaction effects, means within the same column without common letters are significantly different (P≤0.05)  
114 
 
Table 4.6 Effects of broiler breeder dietary FORPLUS™ level and Zn source at 19-20 weeks of lay on offspring growth plate morphology 
 Tibia  Femur 
 
Proliferative 
zone height, 
µm 
Hypertrophic 
zone height, 
µm 
Sum of zone 
heights, µm 
 Proliferative 
zone height, 
µm 
Hypertrophic 
zone height, 
µm 
Sum of zone 
heights, µm 
Main Effect of FORPLUS™        
0% FORPLUS™ 664 7211 7875  525 5159 5672 
2% FORPLUS™ 623 6590 7229  534 5297 5833 
SEM 20.0 245 251  17.7 135 155 
P-value 0.18 0.10 0.10  0.71 0.49 0.49 
        
Main Effect of Zn Source        
ZnO 644 6937 7598  501b 4946b 5447b 
Bioplex® Zn 642 6865 7507  557a 5510a 6058a 
SEM  20.0 245 251  17.7 135 150 
P-value 0.93 0.84 0.80  0.05 0.02 0.02 
        
Interaction Effects        
0% FORPLUS™ + ZnO 652 6930 7582  486 4726 5213 
2% FORPLUS™ + ZnO 637 6944 7614  517 5165 5681 
0% FORPLUS™ + Bioplex® Zn 675 7493 8168  563 5591 6131 
2% FORPLUS™ + Bioplex® Zn 609 6236 6845  552 5429 5985 
SEM  28.3 345 353  24.9 185 212 
P-value 0.39 0.09 0.08  0.42 0.15 0.20 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different (P≤0.05) 
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Table 4.7 Effects of broiler breeder dietary FORPLUS™ level and Zn source at 30-31 weeks of lay on offspring growth plate morphology 
 Tibia  Femur 
 
Proliferative 
zone height, 
µm 
Hypertrophic 
zone height, 
µm 
Sum of zone 
heights, µm 
 Proliferative 
zone height, 
µm 
Hypertrophic 
zone height, 
µm 
Sum of zone 
heights, µm 
Main Effect of FORPLUS™        
0% FORPLUS™ 724 6882 7606  555 5148 5703 
2% FORPLUS™ 691 7078 7769  570 5056 5625 
SEM 20.7 339 331  23.1 181 172 
P-value 0.28 0.69 0.73  0.66 0.72 0.75 
        
Main Effect of Zn Source        
ZnO 729 6695 7423  561 4927 5488 
Bioplex® Zn 687 7265 7952  563 5277 5840 
SEM  20.7 3389 331  23.1 181 172 
P-value 0.18 0.26 0.28  0.94 0.20 0.17 
        
Interaction Effects        
0% FORPLUS™ + ZnO 726 6540 7266  536 4605b 5141b 
2% FORPLUS™ + ZnO 731 6849 7580  586 5250ab 5836ab 
0% FORPLUS™ + Bioplex® Zn 722 7224 7946  573 5692a 6266a 
2% FORPLUS™ + Bioplex® Zn 651 7306 7958  554 4861b 5415b 
SEM  29.2 479 468  32.6 256 243 
P-value 0.22 0.82 0.75  0.31 0.01 0.01 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different (P≤0.05) 
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Table 4.8 Effects of broiler breeder dietary FORPLUS™ level and Zn source at 41-43 weeks of lay on offspring growth plate morphology 
 Tibia  Femur 
 
Proliferative 
zone height, 
µm 
Hypertrophic 
zone height, 
µm 
Sum of zone 
heights, µm 
 Proliferative 
zone height, 
µm 
Hypertrophic 
zone height, 
µm 
Sum of zone 
heights, µm 
Main Effect of FORPLUS™         
0% FORPLUS™ 708 6576b 7284b  519 5026 5545 
2% FORPLUS™ 697 7364a 8062a  546 5169 5716 
SEM 20.9 246 240  16.9 151 153 
P-value 0.73 0.04 0.04  0.28 0.52 0.45 
        
Main Effect of Zn Source        
ZnO 713 6434b 7147b  554 5179 5733 
Bioplex® Zn 692 7506a 8199a  511 5017 5528 
SEM  20.9 246 240  16.9 151 153 
P-value 0.50 0.01 0.01  0.10 0.46 0.36 
        
Interaction Effects        
0% FORPLUS™ + ZnO 725 5847 6572  526 5165 5691 
2% FORPLUS™ + ZnO 690 7305 7995  582 5192 5775 
0% FORPLUS™ + Bioplex® Zn 700 7021 7722  512 4887 5399 
2% FORPLUS™ + Bioplex® Zn 694 7708 8402  510 5147 5657 
SEM  29.6 347 340  23.9 214 217 
P-value 0.63 0.29 0.30  0.25 0.60 0.70 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different (P≤0.05) 
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Table 4.9 Effects of broiler breeder dietary FORPLUS™ level and Zn source on offspring 
bone-specific alkaline phosphatase in serum 
 
Bone-specific alkaline phosphatase, ng/ml 
  
19-20 wk of lay  
(Peak lay) 
30-31 wk of lay 
(Post-peak lay) 
41-43 wk of lay  
(Post-peak lay) 
Main Effect of FORPLUS™    
0% FORPLUS™ 7.57 5.12 5.66 
2% FORPLUS™ 8.54 5.32 5.49 
SEM 1.48 0.50 0.41 
P-value 0.65 0.79 0.77 
    
Main Effect of Zn Source    
ZnO 4.75b 5.50 5.67 
Bioplex® Zn 11.4a 4.94 5.48 
SEM  1.48 0.50 0.41 
P-value <0.01 0.44 0.75 
    
Interaction Effects    
0% FORPLUS™ + ZnO 5.08 5.72 6.18 
2% FORPLUS™ + ZnO 4.42 5.28 5.17 
0% FORPLUS™ + Bioplex® Zn 10.1 4.52 5.15 
2% FORPLUS™ + Bioplex® Zn 12.7 5.36 5.82 
SEM  2.09 0.70 0.58 
P-value 0.45 0.38 0.18 
a,bFor each group of main effects and interaction effects, means within the same column 
without common letters are significantly different (P≤0.05) 
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CHAPTER 5. Effects of Broiler Breeder Dietary Microalgae Level and Zn Source on 
Offspring Early Growth Performance and Skeletal Leg Quality  
 
ABSTRACT 
 
Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) are known to improve bone 
quality in poultry species.  FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell 
microalgae (Aurantiochytrium limacinum CCAP 4087/2) source of n-3 PUFA, especially 
DHA.  Zinc (Zn) is a trace element and essential nutrient for growth and skeletal 
development.  Bioplex® Zn (Alltech, Inc.) is a Zn proteinate that has been shown to be 
more bioavailable to chickens compared to inorganic sources of Zn. The purpose of this 
study was to investigate the effects of two levels of FORPLUS™ (0 vs 2%) and two 
supplemental Zn sources (ZnO vs. Bioplex® Zn) in broiler breeder diets on offspring early 
growth performance and skeletal leg quality. A randomized complete block design was 
used for this trial. A total of 240, Cobb 500™ broiler breeder hens and 20 Cobb 500™ 
broiler breeder roosters were randomly assigned to four dietary treatments.  The four 
dietary treatments were 1) corn-soybean meal based diet + 40 mg ZnO/kg diet, 2) diet 1 + 
2% FORPLUS™, 3) corn-soybean meal based diet + 40 mg Bioplex® Zn/kg diet, 4) Diet 
3 + 2% FORPLUS™.  When breeders were 19-20 wk of lay, fertile eggs were collected 
and incubated until hatch. At hatch, 90 straight-run broiler chicks hatched from each 
breeder diet were randomly assigned to 10 cages (9 chicks/cage) and fed a corn-soybean 
meal starter diet. Three wk after hatch, broiler chick early growth performance, tibia and 
femur gross morphology, tibia and femur breaking strength, tibia ash %, and tibia ash 
mineral content measurements were collected.  Broiler chicks hatched from breeders fed 
diets with 2% FORPLUS™ + ZnO vs 2% FORPLUS™ + Bioplex® Zn had lower (P≤0.05) 
initial BW, but this effect did not persist after 3 weeks.  Chicks from breeders fed diets 
with 0% FORPLUS™ + Bioplex® Zn vs other diets had the greatest (P≤0.05) tibia proximal 
epiphyseal width.  Offspring femur diaphysis width was also greater (P≤0.05) than other 
offspring except those from breeders fed 2% FORPLUS™ + ZnO.  A main effect of breeder 
FORPLUS™ level was also observed on offspring femur length.  Chicks hatched from 
breeders fed 2% vs 0% FORPLUS™ had increased (P≤0.05) femur length.  Tibia ash Zn 
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content was also increased (P≤0.05) in chicks hatched from breeders fed Bioplex® Zn vs 
ZnO.  No effects of breeder diet were observed on offspring bone breaking strength.  
Overall, broiler breeder dietary supplementation with FORPLUS™ or Bioplex® Zn had 
positive impacts on offspring bone morphology up to 3 wk of age without affecting growth 
performance.   
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5.1 Introduction 
Leg weakness and lameness as a result of skeletal leg disorders and deformities are 
issues that cause concern for animal welfare and negatively affect the poultry industry. 
Skeletal leg disorders and deformities pose a welfare concern because they may cause pain 
and impair a bird’s ability to walk, thereby disrupting normal eating and drinking habits 
and behaviors (Kestin et al., 1992; Bradshaw et al., 2002; Dinev, 2009; Nääs et al., 2009). 
Consequences of moderate to severe lameness in broilers are lower growth rates, culling, 
processing downgrades, and ultimately profit losses (Bradshaw et al., 2002; Knowles et 
al., 2008; Dinev, 2009; Gocsik et al., 2017; Wijesurendra et al., 2017).  It is estimated that 
lameness affects an average of 21.4% of European broiler flocks and approximately 3.0% 
of broilers may need to be culled due to severe lameness (Bassler et al., 2013; Marchewka 
et al., 2013; Kittelsen et al., 2015; Tullo et al., 2017; Granquist et al., 2019).  In the United 
States there is a lack of recent, comprehensive studies on the incidence of lameness in 
broilers, although it has been claimed that up to 6% of broilers have obvious skeletal 
abnormalities or leg problems and 2% of broiler flocks suffer losses due to lameness 
(Dunkley, 2007; Mitchell, 2014).   
With regard to broiler breeding, genetic selection against skeletal leg problems in 
broilers is a slow process and some researchers have indicated that changes to nutrition and 
living environment may be more effective (Angel, 2007; Knowles et al., 2008; Rekaya et 
al., 2013; Mitchell, 2014; González-Cerón et al., 2015).  Management strategies to improve 
broiler leg health have its limitations.  Enrichment of broiler houses to induce exercise have 
not been successful in limiting skeletal leg problems (Sherlock et al., 2010; Bailie et al., 
2018; Meyer et al., 2019).    Litter choice is important for leg health, but if litter quality 
deteriorates remedies to lessen its impact on leg health are very limited (Su et al., 2000).  
Stocking density may improve leg health as it has consequences on litter quality, but 
lowering stocking density to the extent of reducing leg problems would be very cost 
prohibitive for many producers (Knowles et al., 2008).  Longer periods of darkness (Cobb-
Vantress, 2012; Bassler et al., 2013; Aviagen, 2018) and control of toxin exposure can also 
reduce or prevent skeletal disorders but have finite application in skeletal development and 
health. 
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Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) can be transferred from 
broiler breeder diets to offspring tissues (Lin et al., 1991; Pappas et al., 2006; Hall et al., 
2007; Bautista-Ortega et al., 2009; Cherian et al., 2009; Koppenol et al., 2015a) and are 
known to improve bone quality in poultry species (Watkins et al., 1996a; Watkins et al., 
1997b; Liu et al., 2003; Fleming, 2008).  However, there is a lack of research on the effect 
of broiler breeder dietary n-3 PUFA supplementation on offspring skeletal development 
and limited information is available on n-3 PUFA in broiler diets on offspring performance 
(Koppenol et al., 2015c).  FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell 
microalgae (Aurantiochytrium limacinum CCAP 4087/2) source of n-3 PUFA.  It contains 
64% fat with 16% of that fat as docosahexaenoic acid (DHA).  Microalgae rich in n-3 
PUFA may be considered as a sustainable, alternative to fish oil which is a common source 
of n-3 PUFA in poultry diets.     
It is well known that zinc (Zn), an essential trace element and nutrient, is an integral 
component of numerous enzymes and proteins.  These Zn-dependent molecules have 
important roles in numerous biochemical and metabolic functions such as cell growth and 
proliferation, cell differentiation, gene expression, and immunity (Vallee and Falchuk, 
1993; Plum et al., 2010; Haase and Rink, 2014a, b).  Zn is also essential for skeletal 
development, specifically due to its role in stimulating the synthesis of collagen and 
chondroitin for bone matrix and structure formation (Brandao-Neto et al., 1995) as well as 
its role in osteoblast proliferation and activity (Seo et al., 2010).  Supplementation of 
organic Zn vs inorganic Zn in breeder diets resulted in reduced incidence of skeletal leg 
abnormalities of offspring (Hudson et al., 2005), revealing the importance of Zn source in 
offspring skeletal leg health.  Blending organic trace minerals such as Cu, Mn, and Zn with 
their inorganic counterparts in broiler breeder diets improved offspring bone calcification 
rate, morphology, and biomechanical properties during the late embryonic development 
(Favero et al., 2013).  However, there is a lack of information on the long-term Zn source 
supplementation in broiler breeder diets on offspring skeletal development and growth 
performance.  Bioplex® Zn (Alltech, Inc.) is a Zn-proteinate product that is more 
bioavailable to broilers than some other sources of inorganic Zn (Ao et al., 2006; Ao et al., 
2011).  The objective of this study was to evaluate two levels of dietary FORPLUS™ and 
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two sources of Zn in broiler breeder diets on offspring early growth performance and bone 
quality after hatch. 
5.2 Materials and Methods 
This study was conducted in compliance with the University of Kentucky 
Institutional Animal Care and Use Committee protocols. 
 
5.2.1 Experimental Design 
A complete randomized block design with a 2x2 factorial treatment arrangement 
consisting of 2 levels of microalgae supplementation (0% vs 2% FORPLUS™) and two 
sources of supplemental Zn (ZnO vs Bioplex® Zn) was used for this study.  A total of 240, 
Cobb 500™ broiler breeder hens and 20 Cobb 500™ broiler breeder roosters were 
randomly assigned to four dietary treatments.  The four dietary treatments were 1) corn-
soybean meal based diet + 40 mg ZnO/kg diet, 2) diet 1 + 2% FORPLUS™, 3) corn-
soybean meal based diet + 40 mg Bioplex® Zn/kg diet, 4) Diet 3 + 2% FORPLUS™.  Diets 
were formulated to meet or exceed the energy and nutrient requirements (NRC, 1994) 
before lay and during peak lay (1-27 weeks of lay).  Broiler breeders were provided ad 
libitum access to water and supplied feed on a daily feeding regimen in a feeding trough as 
per the Cobb® Breeder Management Guide (Cobb-Vantress, 2012).     
The broiler breeders were housed in floor pen units that measured approximately 
1.22 x 1.83 sq. meters.  The litter for each pen was 100% large flake, pine wood shavings 
supplied at approximately 3.66 cu. meters per pen and refreshed as needed.  Broiler 
breeders were raised in an ambient temperature range of 18.3 to 29.4 °C.  Prior to the onset 
of lay, a two-tier nest box that could accommodate up to four birds at a time was added to 
each pen.  Photostimulation was provided as 15 hours of light and 9 hours of darkness 
throughout the entire laying period. 
Fertile eggs were collected from each breeder pen at 19-20 weeks of lay (peak lay), 
The eggs were set in a Nature Form Incubator (model 4680).  Eggs were separated and 
incubated by pen using incubator trays.  The incubator temperature and relative humidity 
conditions were set to 37.5°C and 60%, respectively.  On embryonic day 18, eggs were 
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transferred to a Nature Form Hatcher (model 45) where the temperature was maintained at 
36.9°C and relative humidity was set to 64%.  Eggs were grouped and labeled by pen using 
wooden dividers in hatcher trays.  Newly hatched, straight-run broiler chicks were removed 
from the hatcher after 21 days of incubation. 
A total of 90 straight-run, one-day old broiler chicks from each breeder dietary 
group were randomly distributed to wire cages.  This resulted in 10 replicate cage groups 
of 9 broiler chicks per broiler breeder dietary treatment.  Cage dimensions were 
approximately 52 cm length x 61 cm width x 36 cm height.  Broiler chicks were provided 
ad libitum access to water via nipple drinkers and feed via hanging feeding troughs.  All 
broiler chicks were provided a corn-soybean meal based starter diet formulated to meet or 
exceed energy and nutrient requirements (NRC, 1994).  Temperature was set at 29.4°C for 
the first seven days and then maintained at an ambient temperature between 18.3-29.4°C 
for the remainder of the study.  Exhaust fans provided ventilation and were used to control 
moisture and humidity.  Daily photostimulation was provided at 22 hours of light and 2 
hours of darkness. 
 
5.2.2 Early growth performance  
Early growth performance of broiler chicks was measured from placement to 3 
weeks of age.  Cage body weight (BW) was recorded at placement and measured weekly 
thereafter to calculate average body weight gain (BWG).  Average feed intake (FI) of each 
cage was measured weekly and used to calculate feed conversion (FC) represented by the 
ratio of FI to BWG.  All measurements of BWG, FI, and FC were corrected for chick 
mortality. 
 
5.2.3 Leg Bone Quality Measurements 
     At 3 weeks of age, two broiler chicks per cage were randomly selected and 
euthanized by argon gas asphyxiation and cervical dislocation.  Tibias and femurs were 
collected from broilers for measurements of gross bone morphology and peak bone 
breaking strength.  Only tibias were used for bone ash percentage determination and 
mineral content determination.  Tibias and femurs from the first broiler were used to 
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analyze gross bone morphology and bone breaking strength, whereas tibias from the second 
broiler were used to analyze ash percentage and ash mineral content.   
  The tibias and femurs were cleaned of excess cartilage and flesh prior to analysis.  
Length, diaphysis width, proximal epiphyseal width, and distal epiphyseal width 
measurements of tibias and femurs were obtained using digital calipers.  Measurements 
from the left and right tibias as well as the left and right femurs were averaged.  The bones 
were then subjected to a three-point bending mechanical analysis (Instron Testing 
Instrument, model 4301) to obtain peak breaking strength.  The midshaft of bones were 
positioned perpendicular to a steel wedge probe with the anterior side of the bone facing 
probe.  A load force of 100 kg was applied to the midshaft of the bone at 40mm/min until 
peak breaking strength was determined.   
For ash determination, tibias were boiled for 15 minutes in deionized water to aid 
in removal of flesh.  Excess flesh and cartilage caps were removed from the bones.  They 
were then oven dried at 60°C for 72 hours.  Afterwards, bones were soaked in 100% 
petroleum ether until fat residues were removed.  The bones were then oven dried overnight 
at 105°C in porcelain crucibles to obtain the dry weight.  After drying, bones were ashed 
in a muffle furnace at 600°C for 6 hours (Ao et al., 2006).  Ash percentage of each bone 
was calculated and expressed as a percentage of dry weight. 
Ashed tibias were then ground and homogenized for mineral analysis.  
Approximately 0.2 grams of tibia ash was microwave digested in 8 ml concentrated nitric 
acid (TraceMetal™ Grade, Fisher Scientific), 2 ml concentrated hydrochloric acid 
(TraceMetal™ Grade, Fisher Scientific), and 10 ml of deionized water using CEM 
Microwave Accelerated Reaction System 6 VessExpress program.  Acid digested samples 
were then diluted to with deionized water for trace mineral, Ca, and P analysis using 
inductively coupled plasma-optical emission spectrum (Agilent Technologies Inc ICP-
OES, model 5110). 
 
5.2.4 Statistical Analysis 
All data were subjected to a two-way statistical analysis of variance using the 
general linear model procedures of SAS® Software, version 9.4 (SAS, 2016).  The model 
included the fixed effect of block by experimental unit (cage) location, the main effect of 
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dietary FORPLUS™ level, the main effect of supplemental Zn source and the interaction 
effect of those two factors for all measured and calculated variables.  Mean values were 
separated and compared using Fisher’s protected least significant difference test. Mean 
values were declared significantly different for P values ≤ 0.05. 
5.3 Results and Discussions   
5.3.1 Early Growth Performance 
An interaction effect of broiler breeder dietary FORPLUS™ level and Zn source 
during 19-20 weeks of lay was observed on offspring hatch BW (Table 5.2).  Broiler chicks 
hatched from breeders fed diets with 2% FORPLUS™ + ZnO had lower hatch BW 
compared to other chicks except those hatched form breeders fed 2% FORPLUS™ + 
Bioplex® Zn.  The depressed hatch weight can be attributed to the effect of 2% 
FORPLUS™.  However, early growth performance and final BW of offspring through 3 
weeks of age was not affected by broiler breeder diet.  In other studies broiler breeders fed 
diets supplemented with various sources of n-3 PUFA produced smaller eggs (Pappas et 
al., 2005; Cherian, 2008; Koppenol et al., 2014) and reduced chick weight at hatch 
(Koppenol et al., 2015c).  In contrast with results presented in this study, Koppenol et al. 
(2015c) found that broiler chick BW and daily weight gain were reduced and FC was 
poorer at 14 and 28 days of age due to breeder hen supplementation with n-3 PUFA.  
Breeder hen Zn source was also reported not to affect early offspring performance through 
17 days of age in a separate study (Hudson et al., 2005). 
 
5.3.2 Leg Bone Quality 
When offspring were 3 weeks of age, an interaction effect of breeder diet was 
observed on tibia and femur morphology.  Table 5.3 shows that offspring from breeders 
fed diets with 0% FORPLUS™ + Bioplex® Zn had the greatest tibia proximal epiphyseal 
width.  Offspring femur diaphysis width was also increased compared to other offspring 
except those from breeders fed 2% FORPLUS™ + ZnO.  A main effect of breeder 
FORPLUS™ level was also observed on offspring femur length.  Chicks hatched from 
breeders fed 2% vs 0% FORPLUS™ had increased (P≤0.05) femur length (47.5 vs 46.6 
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mm).  No effects of breeder dietary treatment were evident for offspring bone breaking 
strength when offspring were 3 weeks old (Table 5.4).  However, a main effect of dietary 
breeder Zn source was detected in offspring tibia ash Zn content (Table 5.5).  Broiler chicks 
from breeders fed diets with Bioplex® Zn during peak lay had increased tibia ash Zn content 
compared to broiler chicks from breeders fed ZnO.     
In Chapter 4, breeder dietary supplementation of Bioplex® Zn or FORPLUS™ 
during lay improved bone morphology of offspring, specifically bone length and 
epiphyseal width, at hatch (Table 4.3).  Improvements to bone morphology due to breeder 
diet were observed in the proximal epiphysis, diaphysis, and length 3 weeks after hatch.  
The epiphysis and metaphysis contains more trabecular bone which is more porous and has 
higher resistance to strain than cortical bone found in the diaphysis (Howlett, 1980; Xu et 
al., 1995; Villemure and Stokes, 2009; Hart et al., 2017).  It is possible that both Bioplex® 
Zn positively influenced trabecular bone formation in the tibia epiphysis, but further 
evaluation is needed to confirm this.  In previous research, a blend of organic and inorganic 
Cu, Mn and Zn supplementation in broiler breeder diets improved offspring tibia and femur 
diaphysis width at 14 days of embryonic development compared to inorganic trace mineral 
supplementation alone (Favero et al., 2013).  Kidd et al. (1992) found that tibia dry weight 
was greater in offspring from breeders fed organic Zn vs inorganic Zn.  Ash content 
remained the same between the two groups.  Dry weight accounts for the organic and 
inorganic components of bone whereas ash accounts mainly for the inorganic portion of 
bone.  Their results indicate that dietary breeder Zn source may have affected the organic 
portion of offspring bone which contains collagen, protein, enzymes, etc.  Zn is known to 
control the initiation of mineralization in bones, influence osteoblast activity, and increase 
growth plate chondrocyte protein and enzyme activity (Litchfield et al., 1998; Kirsch et al., 
2000; Kwun et al., 2010; Seo et al., 2010).  In rats organic Zn has been shown to increase 
the Zn content in bone as well as Ca content and enzyme activity related to bone formation 
compared to inorganic Zn (Yamaguchi et al., 2004). 
Maternal fish oil supplementation in quail was found to increase the bone n-3 PUFA 
content of their offspring at hatch and up to one week after hatch compared to soybean oil 
supplementation (Liu and Denbow, 2001).  Female rats provided DHA during pregnancy 
and lactation produced offspring with increased osteoblast density and trabecular bone 
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formation (Fong et al., 2012).  Exposure to dietary n-3 PUFA at a young age accelerated 
bone growth and improved bone quality in mice (Koren et al., 2014).  DHA is especially 
critical for osteoblastogenesis and bone formation during bone modelling in young animals 
(Watkins et al., 2003) as it activates free fatty acid receptor 4 in mature osteoblasts and 
osteoclasts to stimulate bone formation and decrease resorption, respectively (Ahn et al., 
2016). 
5.4 Summary and Conclusions 
Dietary FORPLUS™ supplementation in broiler breeder diets during peak-lay 
reduced chick hatch weight but did not have a lasting impact on offspring early growth 
performance.  Bioplex® Zn without FORPLUS™ supplementation improved bone 
morphology and Zn content 3 weeks after hatch.  FORPLUS™ supplementation in broiler 
breeder diets also improved bone morphology 3 weeks after hatch.  Based on these results, 
supplementation of FORPLUS™ or Bioplex® Zn in broiler breeder diets positively 
impacted offspring skeletal bone morphology even 3 weeks after hatch. 
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5.5 Tables 
Table 5.1 Diet and nutrient composition of broiler breeder layer and broiler starter diets 
 Broiler Breeder Peak Layer Diets Broiler 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 Starter 
Corn 67.3 65.0 67.3 65.0 57.0 
Soybean meal (48% CP) 22.0 21.5 22.0 21.5 36.0 
Alfalfa meal (17% CP) 0.78 2.02 0.78 2.02 - 
Oyster shell 3.00 3.00 3.00 3.00 - 
FORPLUS™ - 2.00 - 2.00 - 
Vegetable oil 0.52 0.08 0.52 0.08 2.95 
Limestone (38% Ca) 3.80 3.75 3.80 3.75 1.26 
Dicalcium Phosphate 1.65 1.65 1.65 1.65 1.75 
Salt, iodized 0.40 0.39 0.40 0.39 0.45 
Vitamin premix1  0.25 0.25 0.25 0.25 - 
ZnO mineral premix2 0.25 0.25 - - - 
Bioplex® Zn mineral 
premix3 
- - 0.25 0.25 - 
Vitamin-mineral premix4 - - - - 0.25 
DL-Methionine 0.10 0.10 0.10 0.10 0.26 
Total 100 100 100 100 100 
      
Nutrient Composition      
AMEn, kcal/kg 2850 2850 2850 2850 3050 
Protein, %5 16.1 15.9 16.1 16.5 22.0 
Ca, %5 3.72 3.61 3.77 4.07 1.00 
Avail. P, % 0.41 0.41 0.41 0.41 0.45 
TSAA, %5 0.52 0.55 0.55 0.56 0.95 
Lysine, %5 0.90 0.88 0.91 0.90 1.30 
Na, % 0.18 0.18 0.18 0.18 0.20 
Total Zn, mg/kg5 84.5 79.4 89.9 94.3 - 
Crude Fat, %5 3.27 4.98 2.69 6.13 - 
DHA, %5 0.00 0.34 0.01 0.39 - 
Total n-3 PUFA, %5 0.09 0.44 0.09 0.51 - 
Total n-6 PUFA, %5 1.63 1.87 1.40 2.34 - 
n-6: n-3 PUFA 17.6 4.24 16.4 4.55 - 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU vitamin E, 22.0 µg of vitamin 
B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as menadione), 1.98 mg of thiamine, 6.6 mg of riboflavin, 11 mg 
of d-pantothenic acid, 3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as FeSO4.H2O, 75mg Mn as 
MnSO4.H2O, 40mg Zn as ZnO, 1.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as FeSO4.H2O, 75mg Mn as 
MnSO4.H2O, 40mg Zn as Bioplex® Zn, 1.5mg I as KIO3 
4Supplied per kg diet: 11025 IU of vitamin A, 3258 IU vitamin D, 33 IU vitamin E, 0.91 mg of vitamin K, 2.21 
mg thiamine, 7.72 mg riboflavin, 55 mg niacin, 18 mg pantothenate, 5 mg vitamin B6, 0.22 mg biotin, 1.10 mg 
folic acid, 478 mg choline, 30 µg vitamin B12, 75 mg Zn as ZnO, 40 mg Fe as  FeSO4.H2O, 64 mg Mn as MnO2, 
10 g Cu as CuSO4.H2O, 1.85 mg I as EDDI, 0.25 mg Se as Ne2SO3 
5Analyzed value of breeder diets only 
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Table 5.2 Effects of broiler breeder dietary FORPLUS™ level and Zn source on offspring 
early growth performance through 3 weeks of age 
 
Hatch 
BW, g/b 
BW, g/b 
BWG, 
g/b 
FI, g/b FC 
Main Effect of FORPLUS™      
0% FORPLUS™ 43.2a 706 613 861 1.41 
2% FORPLUS™ 42.1b 689 598 849 1.42 
SEM 0.29 7.27 5.56 9.80 0.02 
P-value 0.01 0.10 0.07 0.39 0.55 
      
Main Effect of Zn Source      
ZnO 42.5 704 613 866 1.41 
Bioplex® Zn 42.7 691 598 844 1.41 
SEM  0.29 7.27 5.56 9.80 0.02 
P-value 0.51 0.20 0.07 0.13 0.98 
      
Interaction Effects      
0% FORPLUS™ + ZnO 43.4a 707 619 871 1.41 
2% FORPLUS™ + ZnO 41.5b 702 607 860 1.42 
0% FORPLUS™ + Bioplex® Zn 42.9a 706 607 851 1.40 
2% FORPLUS™ + Bioplex® Zn 42.6ab 676 589 837 1.42 
SEM  0.41 10.3 7.86 13.9 0.02 
P-value 0.05 0.25 0.67 0.94 0.84 
a,bFor each group of main effects and interaction effects, means within the same 
column without common letters are significantly different (P≤0.05)  
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Table 5.3 Effects of broiler breeder dietary FORPLUS™ level and Zn source on offspring skeletal leg morphology at 3 weeks of age 
 Tibia  Femur 
 Length, 
mm 
Diaphysis 
width, mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width, mm 
 
Length, 
mm 
Diaphysis 
width, mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width, mm 
Main Effect of FORPLUS™     
 
    
0% FORPLUS™ 61.8 5.00 16.5 13.3  46.6b 6.10 12.9 13.9 
2% FORPLUS™ 62.2 4.94 16.2 13.0  47.5a 5.99 13.1 13.6 
SEM 0.46 0.07 0.15 0.12  0.29 0.07 0.21 0.22 
P-value 0.48 0.58 0.14 0.06  0.03 0.34 0.56 0.40 
          
Main Effect of Zn Source          
ZnO 61.8 4.92 16.2 13.0  46.9 6.02 13.0 13.4 
Bioplex® Zn 62.2 5.02 16.5 13.3  47.2 6.07 13.0 14.1 
SEM  0.46 0.07 0.14 0.12  0.29 0.07 0.21 0.22 
P-value 0.47 0.33 0.13 0.19  0.45 0.69 0.97 0.06 
          
Interaction Effects          
0% FORPLUS™ + ZnO 61.1 4.87 16.0b 13.1  46.3 5.94b 12.8 13.7 
2% FORPLUS™ + ZnO 62.5 4.98 16.3b 12.9  47.6 6.11ab 13.2 13.2 
0% FORPLUS™ + Bioplex® Zn 62.4 5.14 16.9a 13.5  46.9 6.25a 13.1 14.0 
2% FORPLUS™ + Bioplex® Zn 62.0 4.91 16.0b 13.0  47.5 5.88b 13.0 14.1 
SEM  0.65 0.10 0.20 0.17  0.42 0.11 0.29 0.31 
P-value 0.16 0.12 0.01 0.57  0.39 0.02 0.43 0.31 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly different (P≤0.05)  
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Table 5.4 Effects of broiler breeder dietary FORPLUS™ level and Zn source on offspring 
bone breaking strength at 3 weeks of age 
 
Tibia breaking 
strength, kg force 
Femur breaking 
strength, kg force 
Main Effect of FORPLUS™   
0% FORPLUS™ 18.5 15.3 
2% FORPLUS™ 16.8 14.0 
SEM 0.71 0.56 
P-value 0.12 0.13 
   
Main Effect of Zn Source   
ZnO 18.1 14.5 
Bioplex® Zn 17.2 14.8 
SEM  0.71 0.56 
P-value 0.34 0.71 
   
Interaction Effects   
0% FORPLUS™ + ZnO 18.3 14.9 
2% FORPLUS™ + ZnO 17.9 14.0 
0% FORPLUS™ + Bioplex® Zn 18.6 15.6 
2% FORPLUS™ + Bioplex® Zn 15.7 14.0 
SEM  1.01 0.80 
P-value 0.23 0.70 
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Table 5.5 Effects of broiler breeder dietary FORPLUS™ level and Zn source on offspring tibia ash percentage and mineral content at 3 
weeks of age 
 Ash, % Cu, ppb Fe, ppm Mn, ppm Zn, ppm Ca, % P, % 
Main Effect of FORPLUS™        
0% FORPLUS™ 54.4 5.49 277 9.07 420 38.2 19.2 
2% FORPLUS™ 54.3 5.51 289 8.94 405 38.2 19.2 
SEM 0.30 0.06 9.54 0.31 7.52 0.13 0.06 
P-value 0.82 0.81 0.37 0.76 0.18 1.00 0.95 
        
Main Effect of Zn Source        
ZnO 54.2 5.56 295 8.74 399b 38.1 19.2 
Bioplex® Zn 54.6 5.44 271 9.27 427a 38.3 19.2 
SEM  0.29 0.06 9.48 0.30 7.47 0.13 0.06 
P-value 0.35 0.15 0.07 0.22 0.01 0.17 0.61 
        
Interaction Effects        
0% FORPLUS™ + ZnO 54.2 5.53 291 8.89 404 38.0 19.2 
2% FORPLUS™ + ZnO 54.1 5.60 300 8.59 394 38.1 19.2 
0% FORPLUS™ + Bioplex® Zn 54.6 5.46 262 9.26 437 38.4 19.3 
2% FORPLUS™ + Bioplex® Zn 54.5 5.43 279 9.28 417 38.2 19.2 
SEM  0.41 0.08 13.4 0.43 10.5 0.18 0.09 
P-value 0.93 0.55 0.77 0.71 0.65 0.40 0.35 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different (P≤0.05) 
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CHAPTER 6. Effects of Broiler Breeder Dietary Microalgae Level, Zn Source, and 
Offspring Zn Source on Offspring Early Growth Performance and Skeletal Leg 
Quality  
 
ABSTRACT 
 
Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) are known to improve bone 
quality in poultry species.  FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell 
microalgae (Aurantiochytrium limacinum CCAP 4087/2) source of n-3 PUFA, especially 
DHA.  Zinc (Zn) is a trace element and essential nutrient for growth and skeletal 
development.  Bioplex® Zn (Alltech, Inc.) is a Zn proteinate that has been shown to be 
more bioavailable to chickens compared to inorganic sources of Zn. The purpose of this 
study was to investigate the effects of broiler breeder diet and offspring dietary Zn source 
(ZnO vs. Bioplex® Zn) on offspring early growth performance and skeletal leg quality. A 
randomized complete block design with a 4x2 factorial treatment structure was used for 
this trial. A total of 240, Cobb 500™ broiler breeder hens and 20 Cobb 500™ broiler 
breeder roosters were randomly assigned to four dietary treatments.  The four breeder 
dietary treatments were 1) corn-soybean meal based diet + 40 mg ZnO/kg diet, 2) diet 1 + 
2% FORPLUS™, 3) corn-soybean meal based diet + 40 mg Bioplex® Zn/kg diet, 4) Diet 
3 + 2% FORPLUS™.  When breeders were 30-31 wk of lay, fertile eggs were collected 
and incubated until hatch. With respect to broiler breeder diet, 128 straight-run broiler 
chicks hatched from each breeder dietary treatment group were assigned to broiler starter 
diets supplemented with 40 mg Bioplex® Zn or ZnO/ kg feed.  This resulted in 8 replicate 
cages (8 chicks/cage) per dietary treatment. Broiler chick early growth performance, tibia 
and femur breaking strength, tibia gross morphology, tibia ash %, and tibia ash mineral 
content were measured after 3 wk.  Broiler chicks hatched from breeders fed diets with 2% 
vs 0% FORPLUS™ had lower (P≤0.05) initial BW, whereas broiler chicks hatched from 
breeders provided diets with Bioplex® Zn vs ZnO had greater (P≤0.05) initial BW.  After 
3 wk, offspring from breeders fed diets with 2% vs 0% FORPLUS™ exhibited reduced 
(P≤0.05) BWG and FI.  Offspring that were 3 wk old had greater (P≤0.05) BW when fed 
diets with Bioplex Zn vs ZnO.  No effects of breeder or offspring diet were observed for 
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bone breaking strength, tibia ash percentage, or tibia ash mineral content.  At 3 wk of age, 
offspring had greater (P≤0.05) tibia diaphysis width and circumference when fed diets 
supplemented with Bioplex® Zn vs ZnO.  In conclusion, broiler breeder dietary 
supplementation of FORPLUS™ negatively affected offspring early growth performance 
while offspring dietary supplementation of Bioplex® Zn positively influenced tibia 
morphology.         
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6.1 Introduction 
Leg weakness and lameness as a result of skeletal leg disorders and deformities are 
issues that cause concern for animal welfare and negatively affect the poultry industry. 
Skeletal leg disorders and deformities pose a welfare concern because they may cause pain 
and impair a bird’s ability to walk, thereby disrupting normal eating and drinking habits 
and behaviors (Kestin et al., 1992; Bradshaw et al., 2002; Dinev, 2009; Nääs et al., 2009). 
Consequences of moderate to severe lameness in broilers are lower growth rates, culling, 
processing downgrades, and ultimately profit losses (Bradshaw et al., 2002; Knowles et 
al., 2008; Dinev, 2009; Gocsik et al., 2017; Wijesurendra et al., 2017).  It is estimated that 
lameness affects an average of 21.4% of European broiler flocks and approximately 3.0% 
of broilers may need to be culled due to severe lameness (Bassler et al., 2013; Marchewka 
et al., 2013; Kittelsen et al., 2015; Tullo et al., 2017; Granquist et al., 2019).  In the United 
States there is a lack of recent, comprehensive studies on the incidence of lameness in 
broilers, although it has been claimed that up to 6% of broilers have obvious skeletal 
abnormalities or leg problems and 2% of broiler flocks suffer losses due to lameness 
(Dunkley, 2007; Mitchell, 2014).   
With regard to broiler breeding, genetic selection against skeletal leg problems in 
broilers is a slow process and some researchers have indicated that changes to nutrition and 
living environment may be more effective (Angel, 2007; Knowles et al., 2008; Rekaya et 
al., 2013; Mitchell, 2014; González-Cerón et al., 2015).  Management strategies to improve 
broiler leg health have its limitations.  Enrichment of broiler houses to induce exercise have 
not been successful in limiting skeletal leg problems (Sherlock et al., 2010; Bailie et al., 
2018; Meyer et al., 2019).    Litter choice is important for leg health, but if litter quality 
deteriorates remedies to lessen its impact on leg health are very limited (Su et al., 2000).  
Stocking density may improve leg health as it has consequences on litter quality, but 
lowering stocking density to the extent of reducing leg problems would be very cost 
prohibitive for many producers (Knowles et al., 2008).  Longer periods of darkness (Cobb-
Vantress, 2012; Bassler et al., 2013; Aviagen, 2018) and control of toxin exposure can also 
reduce or prevent skeletal disorders but have finite application in skeletal development and 
health. 
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Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) can be transferred from 
broiler breeder diets to offspring tissues (Lin et al., 1991; Pappas et al., 2006; Hall et al., 
2007; Bautista-Ortega et al., 2009; Cherian et al., 2009; Koppenol et al., 2015a) and are 
known to improve bone quality in poultry species (Watkins et al., 1996a; Watkins et al., 
1997b; Liu et al., 2003; Fleming, 2008).  However, there is a lack of research on the effect 
of broiler breeder dietary n-3 PUFA supplementation on offspring skeletal development 
and limited information is available on n-3 PUFA in broiler diets on offspring performance 
(Koppenol et al., 2015c).  FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell 
microalgae (Aurantiochytrium limacinum CCAP 4087/2) source of n-3 PUFA.  It contains 
64% fat with 16% of that fat as docosahexaenoic acid (DHA).  Microalgae rich in n-3 
PUFA may be considered as a sustainable, alternative to fish oil which is a common source 
of n-3 PUFA in poultry diets.     
It is well known that zinc (Zn), an essential trace element and nutrient, is an integral 
component of numerous enzymes and proteins.  These Zn-dependent molecules have 
important roles in numerous biochemical and metabolic functions such as cell growth and 
proliferation, cell differentiation, gene expression, and immunity (Vallee and Falchuk, 
1993; Plum et al., 2010; Haase and Rink, 2014a, b).  Zn is also essential for skeletal 
development, specifically due to its role in stimulating the synthesis of collagen and 
chondroitin for bone matrix and structure formation (Brandao-Neto et al., 1995) as well as 
its role in osteoblast proliferation and activity (Seo et al., 2010).  Supplementation of 
organic Zn vs inorganic Zn in breeder diets resulted in reduced incidence of skeletal leg 
abnormalities of offspring (Hudson et al., 2005), revealing the importance of Zn source in 
offspring skeletal leg health.  Blending organic trace minerals such as Cu, Mn, and Zn with 
their inorganic counterparts in broiler breeder diets improved offspring bone calcification 
rate, morphology, and biomechanical properties during the late embryonic development 
(Favero et al., 2013).  Based on review of literature, only one other study has reported on 
the effects of broiler breeder Zn source and offspring Zn source on offspring growth 
performance, but that study did not evaluate offspring bone quality (Hudson et al., 2005).  
Bioplex® Zn (Alltech, Inc.) is a Zn-proteinate product that is more bioavailable to broilers 
than some other sources of inorganic Zn (Ao et al., 2006; Ao et al., 2011).  The objective 
of this study was to evaluate dietary supplementation of FORPLUS™ and two sources of 
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Zn in broiler diets and offspring dietary zinc source on offspring early growth performance 
and bone quality after hatch. 
6.2 Materials and Methods 
This study was conducted in compliance with the University of Kentucky 
Institutional Animal Care and Use Committee protocols. 
 
6.2.1 Experimental Design 
A complete randomized block design with a 4x2 factorial treatment arrangement 
consisting of four broiler breeder dietary treatments and two offspring dietary Zn sources 
was used for this study.  The four broiler breeder dietary treatments were 1) corn-soybean 
meal based diet + 40 mg ZnO/kg diet, 2) diet 1 + 2% FORPLUS™, 3) corn-soybean meal 
based diet + 40 mg Bioplex® Zn/kg diet, 4) Diet 3 + 2% FORPLUS™.  Diets were 
formulated to meet or exceed the energy and nutrient requirements (NRC, 1994) before lay 
and throughout lay.  The two offspring dietary Zn sources were ZnO and Bioplex® Zn 
supplemented at 40 mg Zn/kg diet.  The broiler starter diets were designed to meet all other 
minimum energy and nutrient requirements (NRC, 1994).  FORPLUS™ (Alltech, Inc.) is 
an unextracted, whole-cell microalgae (Aurantiochytrium limacinum CCAP 4087/2) that 
contains a minimum of 64% fat with 16% of the fat as DHA.  Bioplex® Zn (Alltech, Inc.) 
is a Zn-proteinate product.  A total of 240 Cobb 500™ broiler breeder hens and 20 Cobb 
500™ broiler breeder roosters were randomly assigned to the four dietary treatments.  
Broiler breeders were provided ad libitum access to water and supplied feed on a daily 
feeding regimen in a feeding trough as per the Cobb® Breeder Management Guide (Cobb-
Vantress, 2012).     
The broiler breeders were housed in floor pen units that measured approximately 
1.22 x 1.83 sq. meters.  The litter for each pen was 100% large flake, pine wood shavings 
supplied at approximately 3.66 cu. meters per pen and refreshed as needed.  Broiler 
breeders were raised in an ambient temperature range of 18.3 to 29.4 °C.  Prior to the onset 
of lay, a two-tier nest box that could accommodate up to four birds at a time was added to 
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each pen.  Photostimulation was provided as 15 hours of light and 9 hours of darkness 
throughout the entire laying period. 
Fertile eggs were collected from each breeder pen at 30-31 weeks of lay (post-peak 
lay), The eggs were set in a Nature Form Incubator (model 4680).  Eggs were separated 
and incubated by pen using incubator trays.  The incubator temperature and relative 
humidity conditions were set to 37.5°C and 60%, respectively.  On embryonic day 18, eggs 
were transferred to a Nature Form Hatcher (model 45) where the temperature was 
maintained at 36.9°C and relative humidity was set to 64%.  Eggs were grouped and labeled 
by pen using wooden dividers in hatcher trays.  Newly hatched, straight-run broiler chicks 
were removed from the hatcher after 21 days of incubation. 
With respect to broiler breeder diet, a total of 128 straight-run, one-day old broiler 
chicks from each breeder dietary group were randomly assigned to diets containing 
supplemental ZnO or Bioplex® Zn.  This resulted in 8 replicate cages of 8 chicks per dietary 
treatment.  Cage dimensions were approximately 52 cm length x 61 cm width x 36 cm 
height.  Broiler chicks were provided ad libitum access to water via nipple drinkers and 
feed via hanging feeding troughs.  All broiler chicks were provided a corn-soybean meal 
based starter diet formulated to meet or exceed energy and nutrient requirements (NRC, 
1994).  Temperature was set at 29.4°C for the first seven days and then maintained at an 
ambient temperature between 18.3-29.4°C for the remainder of the study.  Exhaust fans 
provided ventilation and were used to control moisture and humidity.  Daily 
photostimulation was provided at 22 hours of light and 2 hours of darkness. 
 
6.2.2 Early growth performance  
Early growth performance of broiler chicks was measured from placement to 3 
weeks of age.  Cage body weight (BW) was recorded at placement and measured weekly 
thereafter to calculate average body weight gain (BWG).  Average feed intake (FI) of each 
cage was measured weekly and used to calculate feed conversion (FC) represented by the 
ratio of FI to BWG.  All measurements of BWG, FI, and FC were corrected for chick 
mortality. 
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6.2.3 Leg Bone Quality Measurements 
     At 3 weeks of age, two broiler chicks per cage were randomly selected and 
euthanized by argon gas asphyxiation and cervical dislocation.  Tibias and femurs were 
collected from broilers for measurements of peak bone breaking strength.  Only tibias were 
used for gross morphology, bone ash percentage determination, and mineral content 
determination.  Tibias and femurs from the first broiler were used to analyze bone breaking 
strength, whereas tibias from the second broiler were used to analyze gross morphology, 
ash percentage and ash mineral content.   
  The tibias and femurs were cleaned of excess cartilage and flesh prior to analysis.  
The bones were subjected to a three-point bending mechanical analysis (Instron Testing 
Instrument, model 4301) to obtain peak breaking strength.  The midshaft of bones were 
positioned perpendicular to a steel wedge probe with the anterior side of the bone facing 
probe.  A load force of 100 kg was applied to the midshaft of the bone at 40mm/min until 
peak breaking strength was determined.   
Gross morphology measurements of tibias were determined using a VolScan 
Profiler (Stable Micro Systems, Surrey, England).  Cleaned and dried tibias were vertically 
mounted onto the Volscan platform.  The instrument was set to scan samples at a 0.5mm 
vertical step at 1 rotation per second.  Dry weights of the tibias were input into the Volscan 
software manually to calculate sample density.  Measurements obtained with the Volscan 
Profiler included, volume, density, length, proximal epiphyseal width, distal epiphyseal 
width, diaphysis width, diaphysis circumference, and surface area.       
For ash determination, tibias were boiled for 15 minutes in deionized water to aid 
in removal of flesh.  Excess flesh and cartilage caps were removed from the bones.  They 
were then oven dried at 60°C for 72 hours.  Afterwards, bones were soaked in 100% 
petroleum ether until fat residues were removed.  The bones were then oven dried overnight 
at 105°C in porcelain crucibles to obtain the dry weight.  After drying, bones were ashed 
in a muffle furnace at 600°C for 6 hours (Ao et al., 2006).  Ash percentage of each bone 
was calculated and expressed as a percentage of dry weight. 
Ashed tibias were then ground and homogenized for mineral analysis.  
Approximately 0.2 grams of tibia ash was microwave digested in 8 ml concentrated nitric 
acid (TraceMetal™ Grade, Fisher Scientific), 2 ml concentrated hydrochloric acid 
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(TraceMetal™ Grade, Fisher Scientific), and 10 ml of deionized water using CEM 
Microwave Accelerated Reaction System 6 VessExpress program.  Acid digested samples 
were then diluted to with deionized water for trace mineral, Ca, and P analysis using 
inductively coupled plasma-optical emission spectrum (Agilent Technologies Inc ICP-
OES, model 5110). 
 
6.2.4 Statistical Analysis 
Broiler chick hatch BW data was subjected to two-way analysis of variance using 
the general linear model procedures of SAS® Software, version 9.4 (SAS, 2016).  Broiler 
breeder floor pen (n=5) served as the experimental unit for broiler chick hatch BW analysis.  
The model included the fixed effects of block by hatching tray location, main effects broiler 
breeder dietary FORPLUS™ level, main effects of broiler breeder dietary Zn source, and 
interaction of those two factors. All other data for the study were subjected to two-way 
analysis of variance using the general linear model procedures of SAS Software, version 
9.4 (SAS, 2016) with a model including the fixed effect of block by experimental unit 
(cage, n=8) location, main effect of broiler breeder diet, main effect of offspring dietary Zn 
source, and the interaction effect of broiler breeder diet and offspring dietary Zn source.  
For all post-hoc analyses, mean values were separated and compared using Fisher’s 
protected least significant difference test. Mean values were declared significantly different 
for P values ≤ 0.05. 
 
6.3 Results and Discussions   
6.3.1 Early Growth Performance 
Main effects of broiler breeder dietary FORPLUS™ level and Zn source were 
observed for newly hatched offspring BW (Table 6.3).  Broiler chicks hatched from 
breeders fed diets with 2% vs 0% FORPLUS™ had lower hatch BW, whereas broiler 
chicks hatched from breeders provided diets with Bioplex® Zn vs ZnO had greater hatch 
BW.  By the time broiler chicks were 3 weeks old, breeder diet was found to affect early 
growth performance (Table 6.4).  Chicks from broiler breeders fed diets containing 2% 
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FORPLUS™ continued to depress offspring BW, BWG, and FI.  Proportionate reductions 
in BWG and FI resulted in no overall effect on FC.  Offspring Zn source was found to 
impact broiler BW at 3 weeks of age.  Broilers fed diets with Bioplex® Zn were heavier 
than broilers fed diets containing ZnO.  
Broiler breeder dietary FORPLUS™ supplementation was found to have a greater 
impact on offspring early growth performance than offspring dietary FORPLUS™ 
supplementation.  In other studies broiler breeders fed diets supplemented with various 
sources of n-3 PUFA produced smaller eggs (Pappas et al., 2005; Cherian, 2008; Koppenol 
et al., 2014) and reduced chick weight at hatch (Koppenol et al., 2015c).  The results 
presented in this study are in agreement with results by  Koppenol et al. (2015c).  They 
found that broiler chick BW and daily weight gain were reduced, and FC was poorer at 14 
and 28 days of age due to breeder hen supplementation with n-3 PUFA.  The results 
presented in this study are in agreeance with previous research showing that broiler breeder 
Zn source did not affect early offspring performance through 17 days of age, but offspring 
organic Zn supplementation improved BWG and FC compared to inorganic Zn 
supplementation (Hudson et al., 2005).     
 
6.3.2 Leg Bone Quality 
No effects of broiler breeder diet or offspring dietary Zn source was observed for 
offspring bone breaking strength (Table 6.5), tibia ash percentage or tibia ash mineral 
(Table 6.7) content at 3 weeks of age.  VolScan Profiler results from Table 6.6 shows that 
there was a main effect of offspring dietary Zn source on tibia morphology at 3 weeks of 
age.  Offspring with Bioplex® Zn supplementation had greater diaphysis width and 
diaphysis circumference compared to offspring that had ZnO supplementation.  Offspring 
tibia volume, weight, and surface area also tended to increase with Bioplex® Zn vs ZnO 
supplementation.  
In Chapter 4, offspring from breeders fed Bioplex® Zn without FORPLUS™ had 
increased tibia diaphysis width compared to offspring from breeders fed ZnO without 
FORPLUS™ (Table 4.4).  In previous research, a blend of organic and inorganic Cu, Mn 
and Zn supplementation in broiler breeder diets improved offspring tibia and femur 
diaphysis width at 14 days of embryonic development compared to inorganic trace mineral 
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supplementation alone (Favero et al., 2013).  Kidd et al. (1992) found that tibia dry weight 
was greater in offspring from breeders fed organic Zn vs inorganic Zn.  Ash content 
remained the same between the two groups.  Dry weight accounts for the organic and 
inorganic components of bone whereas ash accounts mainly for the inorganic portion of 
bone.  Their results indicate that dietary breeder Zn source may have affected the organic 
portion of offspring bone which contains collagen, protein, enzymes, etc.  Zn is known to 
control the initiation of mineralization in bones, influence osteoblast activity, and increase 
growth plate chondrocyte protein and enzyme activity (Litchfield et al., 1998; Kirsch et al., 
2000; Kwun et al., 2010; Seo et al., 2010).       
6.4 Summary and Conclusions 
Offspring from broiler breeders fed diets with FORPLUS™ had lower hatch BW 
and reduced growth performance 3 weeks after hatch.  Offspring dietary Bioplex® Zn 
supplementation improved BW and influenced leg morphology 3 weeks after hatch.  The 
results from this study showed that there was no significant interaction between broiler 
breeder dietary n-3 PUFA supplementation, Zn source, and offspring dietary Zn source on 
offspring early growth performance or bone quality.  However, during post-peak lay broiler 
breeder diets supplemented with FORPLUS™ negatively impacted offspring hatch BW 
and early growth performance.  Offspring Bioplex® Zn on the other hand had positive 
impacts on BW and skeletal leg morphology.   
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6.5 Tables 
Table 6.1 Diet and nutrient composition of broiler breeder diets fed during post-peak lay 
(28-45 wk of lay) 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 
Corn 69.7 67.0 69.7 67.0 
Soybean meal (48% CP) 19.4 18.9 19.4 18.9 
Alfalfa meal (17% CP) 0.76 2.34 0.76 2.34 
Oyster shell 3.00 3.00 3.00 3.00 
FORPLUS™ - 2.00 - 2.00 
Soybean oil 0.34 - 0.34 - 
Limestone (38% Ca) 4.34 4.28 4.34 4.28 
Dicalcium Phosphate 1.50 1.50 1.50 1.50 
Salt, iodized 0.40 0.39 0.40 0.39 
Vitamin premix1  0.25 0.25 0.25 0.25 
ZnO mineral premix2 0.25 0.25 - - 
Bioplex® Zn mineral premix3 - - 0.25 0.25 
DL-Methionine 0.10 0.10 0.10 0.10 
Total 100 100 100 100 
     
Nutrient Composition     
AMEn, kcal/kg 2850 2850 2850 2850 
Protein, %4 15.7 15.0 14.4 14.2 
Ca, %4 4.26 4.30 3.78 3.47 
Avail. P, % 0.38 0.38 0.38 0.38 
TSAA, %4 0.47 0.52 0.55 0.49 
Lysine, %4 0.82 0.83 0.82 0.83 
Na, % 0.18 0.18 0.18 0.18 
Total Zn, mg/kg4 80.7 78.9 88.9 84.7 
Crude Fat, %4 2.75 4.46 2.64 5.37 
DHA, %4 0.00 0.30 0.02 0.42 
Total n-3 PUFA, %4 0.07 0.38 0.07 0.53 
Total n-6 PUFA, %4 1.44 1.67 1.41 1.93 
n-6: n-3 PUFA 20.17 4.41 19.1 3.68 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU vitamin E, 22.0 µg of 
vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as menadione), 1.98 mg of thiamine, 6.6 mg 
of riboflavin, 11 mg of d-pantothenic acid, 3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic 
acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as FeSO4.H2O, 75mg 
Mn as MnSO4.H2O, 40mg Zn as ZnO, 1.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as FeSO4.H2O, 75mg 
Mn as MnSO4.H2O, 40mg Zn as Bioplex® Zn, 1.5mg I as KIO3 
4Analyzed value 
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Table 6.2 Diet and nutrient composition of offspring starter diets 
Diet Composition, % Diet 1 Diet 2 
Corn 56.9 56.9 
Soybean meal (48% CP) 36.0 36.0 
Vegetable oil 2.95 2.95 
Limestone (38% Ca) 1.26 1.26 
Dicalcium Phosphate 1.75 1.75 
Salt, iodized 0.45 0.45 
Vitamin premix1  0.25 0.25 
ZnO mineral premix2 0.10 - 
Bioplex® Zn mineral premix3 - 0.10 
DL-Methionine 0.26 0.26 
L-lysine 0.12 0.12 
Total 100 100 
   
Nutrient Composition   
AMEn, kcal/kg 3080 3080 
Protein, % 22.6 22.6 
Ca, % 0.97 0.97 
Avail. P, % 0.46 0.46 
TSAA, % 0.98 0.98 
Lysine, % 1.37 1.37 
Na, % 0.29 0.29 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU vitamin E, 22.0 µg 
of vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as menadione), 1.98 mg of thiamine, 6.6 
mg of riboflavin, 11 mg of d-pantothenic acid, 3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of 
folic acid, 496 mg of choline   
2Supplied per kg diet: 0.2mg Se as Ne2SO3, 10mg Cu as CuSO4.H2O, 45mg Fe as FeSO4.H2O, 
100mg Mn as MnSO4.H2O, 40mg Zn as ZnO, 1.5mg I as KIO3 
3Supplied per kg diet: 0.2mg Se as Ne2SO3, 10mg Cu as CuSO4.H2O, 45mg Fe as FeSO4.H2O, 
100mg Mn as MnSO4.H2O, 40mg Zn as Bioplex® Zn, 1.5mg I as KIO3 
 
  
145 
 
Table 6.3 Effect of broiler breeder dietary FORPLUS™ level and Zn source at 30-31 weeks 
of lay on offspring hatch weight 
 Hatch BW, g/b 
Main Effect of FORPLUS™  
0% FORPLUS™ 47.2a 
2% FORPLUS™ 45.1b 
SEM 0.26 
P-value <0.01 
  
Main Effect of Zn Source  
ZnO 45.8b 
Bioplex® Zn 46.5a 
SEM  0.26 
P-value 0.04 
  
Interaction Effects  
0% FORPLUS™ + ZnO 46.6 
2% FORPLUS™ + ZnO 44.9 
0% FORPLUS™ + Bioplex® Zn 47.8 
2% FORPLUS™ + Bioplex® Zn 45.3 
SEM  0.36 
P-value 0.34 
a,bFor each group of main effects and interaction effects, 
means within the same column without common letters 
are significantly different (P≤0.05)  
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Table 6.4 Effects of broiler breeder diet and offspring dietary Zn source on offspring growth performance through 3 weeks of age 
 BW, g/b BWG, g/b FI, g/b FC 
Main Effect of Breeder Diet     
1) 0% FORPLUS™ + 40 ppm ZnO 851a 750a 1081ab 1.44 
3) 2% FORPLUS™ + 40 ppm ZnO 813bc 712b 1049b 1.48 
3) 0% FORPLUS™ + 40 ppm Bioplex® Zn 846ab 747a 1124a 1.51 
4) 2% FORPLUS™ + 40 ppm Bioplex® Zn 810c 705b 1071b 1.52 
SEM 11.7 9.26 15.4 0.03 
P-value 0.02 <0.01 0.01 0.13 
     
Main Effect of Offspring Zn Source     
ZnO 818b 724 1078 1.49 
Bioplex® Zn 842a 733 1085 1.48 
SEM  8.24 6.55 10.9 0.02 
P-value 0.05 0.34 0.64 0.74 
     
Interaction Effects of Breeder and Offspring Diet     
Breeder diet 1 x Offspring ZnO 857 757 1101 1.46 
Breeder diet 1 x Offspring Bioplex® Zn 846 743 1062 1.43 
Breeder diet 2 x Offspring ZnO 796 705 1045 1.49 
Breeder diet 2 x Offspring Bioplex® Zn 830 719 1053 1.47 
Breeder diet 3 x Offspring ZnO 836 739 1131 1.53 
Breeder diet 3 x Offspring Bioplex® Zn 856 755 1117 1.48 
Breeder diet 4 x Offspring ZnO 784 695 1034 1.49 
Breeder diet 4 x Offspring Bioplex® Zn 836 715 1108 1.56 
SEM  16.5 13.1 21.8 0.04 
P-value 0.29 0.57 0.07 0.41 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are 
significantly different (P≤0.05)  
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Table 6.5 Effects of broiler breeder diet and offspring dietary Zn source on offspring bone 
breaking strength at 3 weeks of age 
 
Tibia breaking 
strength,  
kg force 
Femur breaking 
strength,  
kg force 
Main Effect of Breeder Diet   
1) 0% FORPLUS™ + 40 ppm ZnO 22.1 17.7 
3) 2% FORPLUS™ + 40 ppm ZnO 21.8 18.2 
3) 0% FORPLUS™ + 40 ppm Bioplex® Zn 22.6 19.6 
4) 2% FORPLUS™ + 40 ppm Bioplex® Zn 19.8 17.9 
SEM 0.92 0.85 
P-value 0.15 0.41 
   
Main Effect of Offspring Zn Source   
ZnO 21.1 18.0 
Bioplex® Zn 22.1 18.8 
SEM  0.65 0.60 
P-value 0.29 0.33 
   
Interaction Effects of Breeder and 
Offspring Diet   
Breeder diet 1 x Offspring ZnO 20.7 17.0 
Breeder diet 1 x Offspring Bioplex® Zn 23.6 18.4 
Breeder diet 2 x Offspring ZnO 20.4 17.7 
Breeder diet 2 x Offspring Bioplex® Zn 23.2 18.8 
Breeder diet 3 x Offspring ZnO 24.0 20.1 
Breeder diet 3 x Offspring Bioplex® Zn 21.2 19.1 
Breeder diet 4 x Offspring ZnO 19.2 17.0 
Breeder diet 4 x Offspring Bioplex® Zn 20.3 18.9 
SEM  1.30 1.20 
P-value 0.11 0.68 
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Table 6.6 Effects of broiler breeder diet and offspring dietary Zn source on offspring tibia morphology at 3 weeks of age 
 
Volume, 
ml 
Weight, 
g 
Density, 
kg/m3 
Length, 
mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width,  
mm 
Diaphysis 
width, 
mm 
Diaphysis 
circumference, 
mm 
Surface 
area, 
mm2 
Main Effect of Breeder Diet          
1) 0% FORPLUS™ + 40 ppm ZnO 3.23 1.73 535 62.2 17.2 12.7 6.11 20.8 1881 
3) 2% FORPLUS™ + 40 ppm ZnO 3.20 1.69 527 62.1 17.1 12.6 5.92 20.4 1867 
3) 0% FORPLUS™ + 40 ppm Bioplex® Zn 3.43 1.82 531 63.6 17.9 12.9 6.19 20.9 1959 
4) 2% FORPLUS™ + 40 ppm Bioplex® Zn 3.27 1.70 518 63.3 17.4 12.8 6.08 20.4 1905 
SEM 0.09 0.05 5.14 0.51 0.23 0.13 0.11 0.32 31.1 
P-value 0.28 0.22 0.13 0.09 0.12 0.38 0.34 0.55 0.17 
          
Main Effect of Offspring Zn Source          
ZnO 3.20 1.69 527 62.4 17.3 12.6 5.96b 20.3b 1876 
Bioplex® Zn 3.36 1.78 529 63.1 17.5 12.8 6.18a 20.9a 1930 
SEM  0.06 0.04 3.64 0.36 0.16 0.09 0.08 0.22 22.0 
P-value 0.08 0.09 0.79 0.18 0.53 0.13 0.04 0.05 0.09 
          
Interaction Effects of Breeder and 
Offspring Diet 
         
Breeder diet 1 x Offspring ZnO 3.18 1.68 531 62.0 17.4 12.7 5.91 20.3 1864 
Breeder diet 1 x Offspring Bioplex® Zn 3.28 1.77 539 62.3 17.1 12.7 6.30 21.2 1898 
Breeder diet 2 x Offspring ZnO 3.06 1.61 526 61.9 17.0 12.5 5.74 19.8 1828 
Breeder diet 2 x Offspring Bioplex® Zn 3.34 1.77 529 62.3 17.3 12.6 6.10 21.0 1905 
Breeder diet 3 x Offspring ZnO 3.42 1.84 538 63.3 17.8 12.7 6.25 21.1 1955 
Breeder diet 3 x Offspring Bioplex® Zn 3.45 1.81 525 63.9 18.0 13.0 6.14 20.7 1964 
Breeder diet 4 x Offspring ZnO 3.16 1.63 514 62.5 17.2 12.7 5.95 19.9 1859 
Breeder diet 4 x Offspring Bioplex® Zn 3.38 1.77 522 64.0 17.6 13.0 6.20 20.9 1952 
SEM  0.13 0.07 7.27 0.72 0.32 0.18 0.15 0.45 44.0 
P-value 0.76 0.58 0.44 0.83 0.77 0.79 0.33 0.28 0.76 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly different (P≤0.05) 
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Table 6.7 Effects of broiler breeder diet and offspring dietary Zn source on offspring tibia ash percentage and mineral content at 3 weeks 
of age 
 Ash, % Cu, ppm Fe, ppm Mn, ppm Zn, ppm Ca, % P, % 
Main Effect of Breeder Diet        
1) 0% FORPLUS™ + 40 ppm ZnO 51.6 7.03 316 8.40 382 38.8 20.0 
3) 2% FORPLUS™ + 40 ppm ZnO 51.8 7.52 354 8.51 394 38.7 19.9 
3) 0% FORPLUS™ + 40 ppm Bioplex® Zn 51.8 7.60 299 8.73 396 38.9 20.0 
4) 2% FORPLUS™ + 40 ppm Bioplex® Zn 50.5 7.40 330 8.28 396 38.7 20.0 
SEM 0.46 0.33 15.5 0.36 6.80 0.10 0.05 
P-value 0.16 0.63 0.09 0.83 0.41 0.43 0.83 
        
Main Effect of Offspring Zn Source        
ZnO 51.5 7.53 331 8.46 394 38.7 20.0 
Bioplex® Zn 51.4 7.24 318 8.49 390 38.8 20.0 
SEM  0.33 0.23 10.9 0.25 4.81 0.07 0.03 
P-value 0.85 0.38 0.41 0.93 0.59 0.81 0.85 
        
Interaction Effects of Breeder and 
Offspring Diet 
       
Breeder diet 1 x Offspring ZnO 51.3 7.28 319 8.77 400 38.7 20.0 
Breeder diet 1 x Offspring Bioplex® Zn 51.9 6.79 313 8.04 364 38.9 20.0 
Breeder diet 2 x Offspring ZnO 51.5 8.11 383 9.01 388 38.7 19.9 
Breeder diet 2 x Offspring Bioplex® Zn 52.1 6.94 325 8.00 401 38.6 19.9 
Breeder diet 3 x Offspring ZnO 52.6 7.18 285 7.97 394 38.8 19.9 
Breeder diet 3 x Offspring Bioplex® Zn 51.0 8.03 312 9.48 399 38.9 20.0 
Breeder diet 4 x Offspring ZnO 50.5 7.58 337 8.10 395 38.7 20.0 
Breeder diet 4 x Offspring Bioplex® Zn 50.5 7.21 322 8.45 398 38.6 19.9 
SEM  0.65 0.47 21.9 0.50 9.61 0.14 0.07 
P-value 0.32 0.19 0.29 0.06 0.06 0.76 0.43 
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CHAPTER 7. Effects of Broiler Breeder Dietary Microalgae Level, Zn Source, and 
Offspring Microalgae Supplementation on Offspring Early Growth Performance and 
Skeletal Leg Quality  
 
ABSTRACT 
 
Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) are known to improve bone 
quality in poultry species.  FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell 
microalgae (Aurantiochytrium limacinum CCAP 4087/2) source of n-3 PUFA, especially 
DHA.  Zinc (Zn) is a trace element and essential nutrient for growth and skeletal 
development.  Bioplex® Zn (Alltech, Inc.) is a Zn proteinate that has been shown to be 
more bioavailable to chickens compared to inorganic sources of Zn. The purpose of this 
study was to investigate the effects of broiler breeder diet and offspring dietary microalgae 
level (0% vs. 1% FORPLUS™) on offspring early growth performance and skeletal leg 
quality. A randomized complete block design with a 4x2 factorial treatment structure was 
used for this trial. A total of 240 Cobb 500™ broiler breeder hens and 20 Cobb 500™ 
broiler breeder roosters were randomly assigned to four dietary treatments.  The four 
breeder dietary treatments were 1) corn-soybean meal based diet + 40 mg ZnO/kg diet, 2) 
diet 1 + 2% FORPLUS™, 3) corn-soybean meal based diet + 40 mg Bioplex® Zn/kg diet, 
4) Diet 3 + 2% FORPLUS™.  When breeders were 35-37 wk of lay, fertile eggs were 
collected and incubated until hatch. With respect to broiler breeder diet, 128 straight-run 
broiler chicks hatched from each breeder dietary treatment group were assigned to broiler 
starter diets with 0% or 1% FORPLUS™.  This resulted in 8 replicate cages (8 chicks/cage) 
per dietary treatment. Broiler chick early growth performance, tibia and femur breaking 
strength, tibia gross morphology, tibia ash %, and tibia ash mineral content were measured 
after 3 wk.  Broiler chicks from breeders fed diets with 2% vs 0% FORPLUS™ had lower 
(P≤0.05) initial BW and continued to have lower (P≤0.05) BW and BWG 3 wk after hatch.  
Broiler chicks had poorer (P≤0.05) FC when fed diets with 1% vs 0% FORPLUS™.  No 
effects of breeder or offspring diet were observed for bone breaking strength, tibia ash 
percentage, or tibia ash mineral content.  An interaction effect of breeder diet and offspring 
diet was observed for tibia diaphysis width when broiler chicks were 3 wk old.  The best 
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dietary combination for optimal offspring tibia diaphysis width was 1% FORPLUS™ in 
offspring diets and no Bioplex® Zn in breeder the diet.  In conclusion, 2% FORPLUS™ in 
the breeder diet was detrimental to offspring early growth performance.  Offspring dietary 
supplementation of 1% FORPLUS™ negatively affected FC and influenced tibia diaphysis 
morphology when parent breeder diet was taken into account.               
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7.1 Introduction 
Leg weakness and lameness as a result of skeletal leg disorders and deformities are 
issues that cause concern for animal welfare and negatively affect the poultry industry. 
Skeletal leg disorders and deformities pose a welfare concern because they may cause pain 
and impair a bird’s ability to walk, thereby disrupting normal eating and drinking habits 
and behaviors (Kestin et al., 1992; Bradshaw et al., 2002; Dinev, 2009; Nääs et al., 2009). 
Consequences of moderate to severe lameness in broilers are lower growth rates, culling, 
processing downgrades, and ultimately profit losses (Bradshaw et al., 2002; Knowles et 
al., 2008; Dinev, 2009; Gocsik et al., 2017; Wijesurendra et al., 2017).  It is estimated that 
lameness affects an average of 21.4% of European broiler flocks and approximately 3.0% 
of broilers may need to be culled due to severe lameness (Bassler et al., 2013; Marchewka 
et al., 2013; Kittelsen et al., 2015; Tullo et al., 2017; Granquist et al., 2019).  In the United 
States there is a lack of recent, comprehensive studies on the incidence of lameness in 
broilers, although it has been claimed that up to 6% of broilers have obvious skeletal 
abnormalities or leg problems and 2% of broiler flocks suffer losses due to lameness 
(Dunkley, 2007; Mitchell, 2014).   
With regard to broiler breeding, genetic selection against skeletal leg problems in 
broilers is a slow process and some researchers have indicated that changes to nutrition and 
living environment may be more effective (Angel, 2007; Knowles et al., 2008; Rekaya et 
al., 2013; Mitchell, 2014; González-Cerón et al., 2015).  Management strategies to improve 
broiler leg health have its limitations.  Enrichment of broiler houses to induce exercise have 
not been successful in limiting skeletal leg problems (Sherlock et al., 2010; Bailie et al., 
2018; Meyer et al., 2019).    Litter choice is important for leg health, but if litter quality 
deteriorates remedies to lessen its impact on leg health are very limited (Su et al., 2000).  
Stocking density may improve leg health as it has consequences on litter quality, but 
lowering stocking density to the extent of reducing leg problems would be very cost 
prohibitive for many producers (Knowles et al., 2008).  Longer periods of darkness (Cobb-
Vantress, 2012; Bassler et al., 2013; Aviagen, 2018) and control of toxin exposure can also 
reduce or prevent skeletal disorders but have finite application in skeletal development and 
health. 
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Dietary omega-3 (n-3) polyunsaturated fatty acids (PUFA) can be transferred from 
broiler breeder diets to offspring tissues (Lin et al., 1991; Pappas et al., 2006; Hall et al., 
2007; Bautista-Ortega et al., 2009; Cherian et al., 2009; Koppenol et al., 2015a) and are 
known to improve bone quality in poultry species (Watkins et al., 1996a; Watkins et al., 
1997b; Liu et al., 2003; Fleming, 2008).  However, there is a lack of research on the effect 
of broiler breeder dietary n-3 PUFA supplementation on offspring skeletal development 
and limited information is available on n-3 PUFA in broiler diets on offspring performance 
(Koppenol et al., 2015c) or interaction of n-3 PUFA supplementation in breeder and 
offspring diets on performance (Koppenol et al., 2015b).  Even less is known about the 
interaction of n-3 PUFA in breeder and offspring diets on skeletal development.  
FORPLUS™ (Alltech, Inc.) is an unextracted, whole-cell microalgae (Aurantiochytrium 
limacinum CCAP 4087/2) source of n-3 PUFA.  It contains 64% fat with 16% of that fat 
as docosahexaenoic acid (DHA).  Microalgae rich in n-3 PUFA may be considered as a 
sustainable, alternative to fish oil which is a common source of n-3 PUFA in poultry diets.   
It is well known that zinc (Zn), an essential trace element and nutrient, is an integral 
component of numerous enzymes and proteins.  These Zn-dependent molecules have 
important roles in numerous biochemical and metabolic functions such as cell growth and 
proliferation, cell differentiation, gene expression, and immunity (Vallee and Falchuk, 
1993; Plum et al., 2010; Haase and Rink, 2014a, b).  Zn is also essential for skeletal 
development, specifically due to its role in stimulating the synthesis of collagen and 
chondroitin for bone matrix and structure formation (Brandao-Neto et al., 1995) as well as 
its role in osteoblast proliferation and activity (Seo et al., 2010).  Supplementation of 
organic Zn vs inorganic Zn in breeder diets resulted in reduced incidence of skeletal leg 
abnormalities of offspring (Hudson et al., 2005), revealing the importance of Zn source in 
offspring skeletal leg health.  Blending organic trace minerals such as Cu, Mn, and Zn with 
their inorganic counterparts in broiler breeder diets improved offspring bone calcification 
rate, morphology, and biomechanical properties during the late embryonic development 
(Favero et al., 2013).  Based on review of literature, only one other study has reported on 
the effects of broiler breeder Zn source on offspring growth performance, but that study 
did not evaluate offspring bone quality (Hudson et al., 2005).  Bioplex® Zn (Alltech, Inc.) 
is a Zn-proteinate product that is more bioavailable to broilers than some other sources of 
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inorganic Zn (Ao et al., 2006; Ao et al., 2011).  The objective of this study was to evaluate 
dietary supplementation of FORPLUS™ and Zn source in broiler breeder diets and 
offspring dietary supplementation of FORPLUS™ on offspring early growth performance 
and bone quality after hatch. 
 
7.2 Materials and Methods 
This study was conducted in compliance with the University of Kentucky 
Institutional Animal Care and Use Committee protocols. 
 
7.2.1 Experimental Design 
A complete randomized block design with a 4x2 factorial treatment arrangement 
consisting of four broiler breeder dietary treatments and two offspring dietary FORPLUS™ 
levels was used for this study.  The four broiler breeder dietary treatments were 1) corn-
soybean meal based diet + 40 mg ZnO/kg diet, 2) diet 1 + 2% FORPLUS™, 3) corn-
soybean meal based diet + 40 mg Bioplex® Zn/kg diet, 4) Diet 3 + 2% FORPLUS™.  Diets 
were formulated to meet or exceed the energy and nutrient requirements (NRC, 1994) 
before lay and throughout lay.  The two offspring dietary FORPLUS™ levels were 0% or 
1% FORPLUS™.  The broiler starter diets were also designed to meet all other minimum 
energy and nutrient requirements (NRC, 1994).  FORPLUS™ (Alltech, Inc.) is an 
unextracted, whole-cell microalgae (Aurantiochytrium limacinum CCAP 4087/2) that 
contains a minimum of 64% fat with 16% of the fat as DHA.  Bioplex® Zn (Alltech, Inc.) 
is a Zn-proteinate product.  A total of 240 Cobb 500™ broiler breeder hens and 20 Cobb 
500™ broiler breeder roosters were randomly assigned to the four dietary treatments.  
Broiler breeders were provided ad libitum access to water and supplied feed on a daily 
feeding regimen in a feeding trough as per the Cobb® Breeder Management Guide (Cobb-
Vantress, 2012).     
The broiler breeders were housed in floor pen units that measured approximately 
1.22 x 1.83 sq. meters.  The litter for each pen was 100% large flake, pine wood shavings 
supplied at approximately 3.66 cu. meters per pen and refreshed as needed.  Broiler 
155 
 
breeders were raised in an ambient temperature range of 18.3 to 29.4 °C.  Prior to the onset 
of lay, a two-tier nest box that could accommodate up to four birds at a time was added to 
each pen.  Photostimulation was provided as 15 hours of light and 9 hours of darkness 
throughout the entire laying period. 
Fertile eggs were collected from each breeder pen at 35-37 weeks of lay (post-peak 
lay), The eggs were set in a Nature Form Incubator (model 4680).  Eggs were separated 
and incubated by pen using incubator trays.  The incubator temperature and relative 
humidity conditions were set to 37.5°C and 60%, respectively.  On embryonic day 18, eggs 
were transferred to a Nature Form Hatcher (model 45) where the temperature was 
maintained at 36.9°C and relative humidity was set to 64%.  Eggs were grouped and labeled 
by pen using wooden dividers in hatcher trays.  Newly hatched, straight-run broiler chicks 
were removed from the hatcher after 21 days of incubation. 
With respect to broiler breeder diet, a total of 128 straight-run, one-day old broiler 
chicks from each breeder dietary group were randomly distributed to the two offspring 
diets with or without FORPLUS™.  This resulted in 8 replicate cages of 8 chicks per 
dietary treatment.  Cage dimensions were approximately 52 cm length x 61 cm width x 36 
cm height.  Broiler chicks were provided ad libitum access to water via nipple drinkers and 
feed via hanging feeding troughs.  Temperature was set at 29.4°C for the first seven days 
and then maintained at an ambient temperature between 18.3-29.4°C for the remainder of 
the study.  Exhaust fans provided ventilation and were used to control moisture and 
humidity.  Daily photostimulation was provided at 22 hours of light and 2 hours of 
darkness. 
 
7.2.2 Early growth performance  
Early growth performance of broiler chicks was measured from placement to 3 
weeks of age.  Cage body weight (BW) was recorded at placement and measured weekly 
thereafter to calculate average body weight gain (BWG).  Average feed intake (FI) of each 
cage was measured weekly and used to calculate feed conversion (FC) represented by the 
ratio of FI to BWG.  All measurements of BWG, FI, and FC were corrected for chick 
mortality. 
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7.2.3 Leg Bone Quality Measurements 
     At 3 weeks of age, two broiler chicks per cage were randomly selected and 
euthanized by argon gas asphyxiation and cervical dislocation.  Tibias and femurs were 
collected from broilers for measurements of peak bone breaking strength.  Only tibias were 
used for gross morphology, bone ash percentage determination, and mineral content 
determination.  Tibias and femurs from the first broiler were used to analyze bone breaking 
strength, whereas tibias from the second broiler were used to analyze gross morphology, 
ash percentage and ash mineral content.   
  The tibias and femurs were cleaned of excess cartilage and flesh prior to analysis.  
The bones were subjected to a three-point bending mechanical analysis (Instron Testing 
Instrument, model 4301) to obtain peak breaking strength.  The midshaft of bones were 
positioned perpendicular to a steel wedge probe with the anterior side of the bone facing 
probe.  A load force of 100 kg was applied to the midshaft of the bone at 40mm/min until 
peak breaking strength was determined.   
Gross morphology measurements of tibias were determined using a VolScan 
Profiler (Stable Micro Systems, Surrey, England).  Cleaned and dried tibias were vertically 
mounted onto the Volscan platform.  The instrument was set to scan samples at a 0.5mm 
vertical step at 1 rotation per second.  Dry weights of the tibias were input into the Volscan 
software manually to calculate sample density.  Measurements obtained with the Volscan 
Profiler included, volume, density, length, proximal epiphyseal width, distal epiphyseal 
width, diaphysis width, diaphysis circumference, and surface area.       
For ash determination, tibias were boiled for 15 minutes in deionized water to aid 
in removal of flesh.  Excess flesh and cartilage caps were removed from the bones.  They 
were then oven dried at 60°C for 72 hours.  Afterwards, bones were soaked in 100% 
petroleum ether until fat residues were removed.  The bones were then oven dried overnight 
at 105°C in porcelain crucibles to obtain the dry weight.  After drying, bones were ashed 
in a muffle furnace at 600°C for 6 hours (Ao et al., 2006).  Ash percentage of each bone 
was calculated and expressed as a percentage of dry weight. 
Ashed tibias were then ground and homogenized for mineral analysis.  
Approximately 0.2 grams of tibia ash was microwave digested in 8 ml concentrated nitric 
acid (TraceMetal™ Grade, Fisher Scientific), 2 ml concentrated hydrochloric acid 
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(TraceMetal™ Grade, Fisher Scientific), and 10 ml of deionized water using CEM 
Microwave Accelerated Reaction System 6 VessExpress program.  Acid digested samples 
were then diluted to with deionized water for trace mineral, Ca, and P analysis using 
inductively coupled plasma-optical emission spectrum (Agilent Technologies Inc ICP-
OES, model 5110). 
 
7.2.4 Statistical Analysis 
Broiler chick hatch BW data was subjected to two-way analysis of variance using 
the general linear model procedures of SAS® Software, version 9.4 (SAS, 2016).  Broiler 
breeder floor pen (n=5) served as the experimental unit for broiler chick hatch BW analysis. 
The model included the fixed effects of block by hatching tray location, main effects broiler 
breeder dietary FORPLUS™ level, main effects of broiler breeder dietary Zn source, and 
interaction of those two factors. All other data for the study were subjected to two-way 
analysis of variance using the general linear model procedures of SAS Software, version 
9.4 (SAS, 2016) with a model including the fixed effect of block by experimental unit 
(cage, n=8) location, main effect of broiler breeder diet, main effect of offspring dietary Zn 
source, and the interaction effect of broiler breeder diet and offspring dietary Zn source.  
For all post-hoc analyses, mean values were separated and compared using Fisher’s 
protected least significant difference test. Mean values were declared significantly different 
for P values ≤ 0.05. 
 
7.3 Results and Discussions   
7.3.1 Early Growth Performance 
A main effect of broiler breeder dietary FORPLUS™ level was observed on BW 
of newly hatched chicks (Table 7.3).  Offspring hatched form breeders fed 2% 
FORPLUS™ had decreased hatch BW compared to offspring hatched from breeders 
provide diets without FORPLUS™.  Main effects of broiler breeder diet were observed on 
early growth performance of their offspring through 3 weeks of age (Table 7.4).  Broiler 
offspring from breeders fed diets with 2% FORPLUS™ + Bioplex® Zn had the lowest BW 
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and BWG compared to all other offspring.  A main effect of offspring dietary FORPLUS™ 
level was observed on FC.  Table 7.4 also shows offspring fed diets supplemented with 1% 
FORPLUS™ had poorer feed conversion compared to offspring fed diets without 
FORPLUS™ supplementation.  
In other studies broiler breeders fed diets supplemented with various sources of n-
3 PUFA produced smaller eggs (Pappas et al., 2005; Cherian, 2008; Koppenol et al., 2014) 
and reduced chick weight at hatch (Koppenol et al., 2015c).  The effects of FORPLUS™ 
on offspring early growth performance presented in this study are in agreement with two 
studies conducted by  Koppenol et al. (2015b; 2015c).  They did not find any interaction 
effect of breeder and offspring dietary n-3 PUFA supplementation on offspring growth 
performance.  However, they found that broiler chick BW and daily weight gain were 
reduced throughout the starter and grower periods due to breeder hen supplementation with 
n-3 PUFA.  In contrast to the effect of n-3 PUFA in the breeder diet and results from the 
present study, chick BW, daily weight gain, and FI were improved in the starter and grower 
phases when chick diets were supplemented with n-3 PUFA.  The information from the 
present study and previous research indicate n-3 PUFA source and level in broiler chick 
diets can lead to different growth performance outcomes.  In regard to Zn source in broiler 
breeder and offspring diets, the results presented in this study are in agreeance with 
previous research showing that broiler breeder Zn source did not affect early offspring 
performance through 17 days of age (Hudson et al., 2005). 
 
7.3.2 Leg Bone Quality 
There was no effect of breeder diet or offspring dietary FORPLUS™ level on 
offspring bone breaking strength (Table 7.5), tibia ash percentage, or tibia ash mineral 
content (Table 7.7).  However, an interaction effect of breeder diet and offspring diet was 
observed for tibia diaphysis width when broiler chicks were 3 weeks old (Table 7.6).  
Offspring fed 1% FORPLUS™ and hatched from breeders given diets containing 0% 
FORPLUS™ + ZnO had greater tibia diaphysis width compared to offspring fed 0% 
FORPLUS™ and produced by the same broiler breeder group or broiler breeders fed diets 
with 2% FORPLUS™ + Bioplex® Zn.  Offspring fed 1% FORPLUS™ and hatched form 
breeders fed 0% FORPLUS™ + Bioplex® Zn had the least diaphysis width.  These results 
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indicate 1% FORPLUS™ in offspring diets can have variable influence on tibia diaphysis 
width depending on breeder dietary n-3 PUFA and Zn source. 
            
 
7.4 Summary and Conclusions 
Offspring from broiler breeders fed diets with FORPLUS™ had lower hatch BW 
and reduced growth performance 3 weeks after hatch.  Offspring dietary FORPLUS™ 
supplementation resulted in poorer feed conversion.  No significant effect of broiler breeder 
dietary n-3 PUFA supplementation, Zn source, and offspring dietary FORPLUS™ 
supplementation on offspring early growth performance was found in this study.  
Interaction effects of broiler breeder diet and offspring dietary FORPLUS™ level were 
observed on tibia diaphysis width but were widely variable.  In conclusion, during post-
peak lay broiler breeder diets supplemented with FORPLUS™ negatively impacted 
offspring growth performance 3 weeks after hatch and had little effect on leg bone quality.  
Leg bone quality in offspring from older hens did not benefit from added FORPLUS™ to 
their diets. 
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7.5 Tables 
Table 7.1 Diet and nutrient composition of broiler breeder diets fed during post-peak lay 
(28-45 wk of lay) 
Diet Composition, % Diet 1 Diet 2 Diet 3 Diet 4 
Corn 69.7 67.0 69.7 67.0 
Soybean meal (48% CP) 19.4 18.9 19.4 18.9 
Alfalfa meal (17% CP) 0.76 2.34 0.76 2.34 
Oyster shell 3.00 3.00 3.00 3.00 
FORPLUS™ - 2.00 - 2.00 
Soybean oil 0.34 - 0.34 - 
Limestone (38% Ca) 4.34 4.28 4.34 4.28 
Dicalcium Phosphate 1.50 1.50 1.50 1.50 
Salt, iodized 0.40 0.39 0.40 0.39 
Vitamin premix1  0.25 0.25 0.25 0.25 
ZnO mineral premix2 0.25 0.25 - - 
Bioplex® Zn mineral premix3 - - 0.25 0.25 
DL-Methionine 0.10 0.10 0.10 0.10 
Total 100 100 100 100 
     
Nutrient Composition     
AMEn, kcal/kg 2850 2850 2850 2850 
Protein, %4 15.7 15.0 14.4 14.2 
Ca, %4 4.26 4.30 3.78 3.47 
Avail. P, % 0.38 0.38 0.38 0.38 
TSAA, %4 0.47 0.52 0.55 0.49 
Lysine, %4 0.82 0.83 0.82 0.83 
Na, % 0.18 0.18 0.18 0.18 
Total Zn, mg/kg4 80.7 78.9 88.9 84.7 
Crude Fat, %4 2.75 4.46 2.64 5.37 
DHA, %4 0.00 0.30 0.02 0.42 
Total n-3 PUFA, %4 0.07 0.38 0.07 0.53 
Total n-6 PUFA, %4 1.44 1.67 1.41 1.93 
n-6: n-3 PUFA 20.17 4.41 19.1 3.68 
1Supplied per kg of diet: 9921 IU of vitamin A, 2756 ICU of vitamin D3, 33 IU vitamin E, 22.0 µg of 
vitamin B12, 0.11 mg of biotin, 1.98 mg of vitamin K (as menadione), 1.98 mg of thiamine, 6.6 mg 
of riboflavin, 11 mg of d-pantothenic acid, 3.97 mg of vitamin B6, 44 mg of niacin, 1.32 mg of folic 
acid, 496 mg of choline   
2Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as FeSO4.H2O, 75mg 
Mn as MnSO4.H2O, 40mg Zn as ZnO, 1.5mg I as KIO3 
3Supplied per kg diet: 0.3mg Se as Ne2SO3, 5mg Cu as CuSO4.H2O, 20mg Fe as FeSO4.H2O, 75mg 
Mn as MnSO4.H2O, 40mg Zn as Bioplex® Zn, 1.5mg I as KIO3 
4Analyzed value 
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Table 7.2 Diet and nutrient composition of broiler breeder offspring diets 
Diet Composition, % Diet 1 Diet 2 
Corn 56.9 56.3 
Soybean meal (48% CP) 36.0 35.9 
Vegetable oil 2.90 2.55 
FORPLUS™ - 1.00 
Limestone (38% Ca) 1.42 1.42 
Dicalcium Phosphate 1.75 1.75 
Salt, iodized 0.45 0.45 
Vitamin-mineral premix1  0.25 0.25 
DL-Methionine 0.26 0.24 
L-lysine 0.12 0.11 
Total 100 100 
   
Nutrient Composition   
AMEn, kcal/kg 3080 3080 
Protein, % 22.6 22.6 
Ca, % 1.03 1.03 
Avail. P, % 0.46 0.46 
TSAA, % 0.98 0.98 
Lysine, % 1.37 1.37 
Na, % 0.29 0.29 
1 Supplied per kg diet: 11025 IU of vitamin A, 3258 IU vitamin D, 33 IU vitamin E, 0.91 mg of 
vitamin K, 2.21 mg thiamine, 7.72 mg riboflavin, 55 mg niacin, 18 mg pantothenate, 5 mg vitamin 
B6, 0.22 mg biotin, 1.10 mg folic acid, 478 mg choline, 30 µg vitamin B12, 75 mg Zn as ZnO, 40 
mg Fe as  FeSO4.H2O, 64 mg Mn as MnO2, 10 g Cu as CuSO4.H2O, 1.85 mg I as EDDI, 0.25 mg 
Se as Ne2SO3 
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Table 7.3 Effect of broiler breeder dietary FORPLUS™ level and Zn source at 41-43 weeks 
of lay on offspring hatch weight 
 Hatch BW, g/b 
Main Effect of FORPLUS™  
0% FORPLUS™ 47.5a 
2% FORPLUS™ 45.3b 
SEM 0.24 
P-value <0.01 
  
Main Effect of Zn Source  
ZnO 46.1 
Bioplex® Zn 46.7 
SEM  0.24 
P-value 0.09 
  
Interaction Effects  
0% FORPLUS™ + ZnO 47.2 
2% FORPLUS™ + ZnO 45.1 
0% FORPLUS™ + Bioplex® Zn 47.9 
2% FORPLUS™ + Bioplex® Zn 45.5 
SEM  0.34 
P-value 0.74 
a,bFor each group of main effects and interaction effects, 
means within the same column without common letters 
are significantly different (P≤0.05)  
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Table 7.4 Effects of broiler breeder diet and offspring dietary FORPLUS™ level on offspring growth performance through 3 weeks of 
age 
 BW, g/b BWG, g/b FI, g/b FC 
Main Effect of Breeder Diet     
1) 0% FORPLUS™ + 40 ppm ZnO 815a 712a 1084 1.53 
3) 2% FORPLUS™ + 40 ppm ZnO 789a 700a 1083 1.55 
3) 0% FORPLUS™ + 40 ppm Bioplex® Zn 790a 696a 1068 1.54 
4) 2% FORPLUS™ + 40 ppm Bioplex® Zn 755b 668b 1066 1.60 
SEM 10.5 9.71 12.5 0.02 
P-value <0.01 0.02 0.62 0.13 
     
Main Effect of Offspring FORPLUS™ level     
0% FORPLUS™ 795 702 1066 1.52b 
1% FORPLUS™ 779 686 1084 1.59a 
SEM  7.40 6.87 8.81 0.02 
P-value 0.13 0.12 0.16 0.01 
     
Interaction Effects of Breeder and Offspring Diet     
Breeder diet 1 x Offspring 0% FORPLUS™ 829 726 1075 1.48 
Breeder diet 1 x Offspring 1% FORPLUS™ 801 697 1092 1.57 
Breeder diet 2 x Offspring 0% FORPLUS™ 802 711 1081 1.52 
Breeder diet 2 x Offspring 1% FORPLUS™ 776 689 1086 1.58 
Breeder diet 3 x Offspring 0% FORPLUS™ 792 699 1055 1.52 
Breeder diet 3 x Offspring 1% FORPLUS™ 788 694 1082 1.56 
Breeder diet 4 x Offspring 0% FORPLUS™ 758 670 1054 1.58 
Breeder diet 4 x Offspring 1% FORPLUS™ 751 665 1077 1.63 
SEM  14.8 13.7 17.6 0.03 
P-value 0.78 0.75 0.93 0.91 
a,bFor each group of main effects and interaction effects, means within the same column without common letters are significantly 
different (P≤0.05)  
164 
 
Table 7.5 Effects of broiler breeder diet and offspring dietary FORPLUS™ level on 
offspring bone breaking strength at 3 weeks of age 
 
Tibia breaking 
strength,  
kg force 
Femur breaking 
strength,  
kg force 
Main Effect of Breeder Diet   
1) 0% FORPLUS™ + 40 ppm ZnO 24.0 20.5 
3) 2% FORPLUS™ + 40 ppm ZnO 24.0 21.1 
3) 0% FORPLUS™ + 40 ppm Bioplex® Zn 22.7 20.6 
4) 2% FORPLUS™ + 40 ppm Bioplex® Zn 21.4 19.5 
SEM 0.94 0.79 
P-value 0.16 0.51 
   
Main Effect of Offspring FORPLUS™ 
level   
0% FORPLUS™ 23.4 20.2 
1% FORPLUS™ 22.7 20.6 
SEM  0.67 0.56 
P-value 0.47 0.68 
   
Interaction Effects of Breeder and 
Offspring Diet   
Breeder diet 1 x Offspring 0% FORPLUS™ 24.9 21.3 
Breeder diet 1 x Offspring 1% FORPLUS™ 23.0 19.6 
Breeder diet 2 x Offspring 0% FORPLUS™ 25.2 21.1 
Breeder diet 2 x Offspring 1% FORPLUS™ 22.9 21.2 
Breeder diet 3 x Offspring 0% FORPLUS™ 23.6 19.8 
Breeder diet 3 x Offspring 1% FORPLUS™ 21.9 21.3 
Breeder diet 4 x Offspring 0% FORPLUS™ 19.8 18.7 
Breeder diet 4 x Offspring 1% FORPLUS™ 22.9 20.2 
SEM  1.33 1.11 
P-value 0.15 0.43 
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Table 7.6 Effects of broiler breeder diet and offspring dietary FORPLUS™ level on offspring tibia morphology at 3 weeks of age 
 
Volume, 
ml 
Weight, 
g 
Density, 
kg/m3 
Length, 
mm 
Proximal 
epiphyseal 
width, mm 
Distal 
epiphyseal 
width,  
mm 
Diaphysis 
width, 
mm 
Diaphysis 
circumference, 
mm 
Surface 
area, 
mm2 
Main Effect of Breeder Diet          
1) 0% FORPLUS™ + 40 ppm ZnO 3.39 1.70 504 63.4 18.0 12.7 5.95 20.3 1944 
3) 2% FORPLUS™ + 40 ppm ZnO 3.36 1.76 522 63.3 17.9 12.8 5.98 20.2 1936 
3) 0% FORPLUS™ + 40 ppm Bioplex® Zn 3.18 1.65 518 64.0 17.5 12.5 5.83 19.5 1891 
4) 2% FORPLUS™ + 40 ppm Bioplex® Zn 3.15 1.62 518 62.9 17.4 12.5 5.79 19.5 1879 
SEM 0.12 0.06 8.96 0.73 0.20 0.17 0.11 0.34 40.8 
P-value 0.31 0.36 0.39 0.75 0.08 0.39 0.44 0.15 0.54 
          
Main Effect of Offspring FORPLUS™ 
level          
0% FORPLUS™ 3.24 1.67 519 63.1 17.8 12.6 5.85 19.7 1905 
1% FORPLUS™ 3.30 1.69 512 63.6 17.6 12.6 5.93 20.0 1920 
SEM  0.09 0.05 6.84 0.56 0.15 0.13 0.08 0.26 31.1 
P-value 0.55 0.81 0.44 0.48 0.41 0.69 0.43 0.29 0.70 
          
Interaction Effects of Breeder and 
Offspring Diet 
         
Breeder diet 1 x Offspring 0% FORPLUS™ 3.25 1.67 513 63.1 18.0 12.8 5.71bc 19.8 1908 
Breeder diet 1 x Offspring 1% FORPLUS™ 3.52 1.73 494 63.7 18.0 12.6 6.19a 20.9 1979 
Breeder diet 2 x Offspring 0% FORPLUS™ 3.45 1.80 523 63.3 18.2 12.9 6.11ab 20.6 1966 
Breeder diet 2 x Offspring 1% FORPLUS™ 3.26 1.71 522 63.2 17.6 12.7 5.86abc 19.7 1907 
Breeder diet 3 x Offspring 0% FORPLUS™ 3.28 1.71 520 64.7 17.7 12.5 5.93abc 19.6 1923 
Breeder diet 3 x Offspring 1% FORPLUS™ 3.08 1.59 515 63.2 17.3 12.5 5.73bc 19.5 1859 
Breeder diet 4 x Offspring 0% FORPLUS™ 2.96 1.52 518 61.5 17.2 12.4 5.64c 18.8 1825 
Breeder diet 4 x Offspring 1% FORPLUS™ 3.34 1.73 518 64.3 17.5 12.5 5.93abc 20.1 1934 
SEM  0.16 0.08 12.1 0.99 0.27 0.24 0.15 0.46 55.2 
P-value 0.14 0.16 0.81 0.17 0.36 0.84 0.03 0.07 0.26 
a,b,cFor each group of main effects and interaction effects, means within the same column without common letters are significantly different (P≤0.05) 
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Table 7.7 Effects of broiler breeder diet and offspring dietary FORPLUS™ level on offspring tibia ash percentage and mineral content 
at 3 weeks of age 
 Ash, % Cu, ppm Fe, ppm Mn, ppm Zn, ppm Ca, % P, % 
Main Effect of Breeder Diet        
1) 0% FORPLUS™ + 40 ppm ZnO 54.2 8.44 277 8.53 353 38.7 17.4 
3) 2% FORPLUS™ + 40 ppm ZnO 54.8 7.72 282 8.08 366 38.6 17.4 
3) 0% FORPLUS™ + 40 ppm Bioplex® Zn 55.4 7.83 251 8.63 354 38.6 17.4 
4) 2% FORPLUS™ + 40 ppm Bioplex® Zn 55.0 7.56 261 8.12 367 38.6 17.4 
SEM 0.41 0.29 12.3 0.30 8.45 0.13 0.06 
P-value 0.20 0.11 0.23 0.38 0.43 0.97 0.67 
        
Main Effect of Offspring FORPLUS™ level        
0% FORPLUS™ 55.1 7.71 261 8.44 362 38.6 17.4 
1% FORPLUS™ 54.5 8.07 274 8.24 358 38.6 17.4 
SEM  0.31 0.22 9.39 0.22 6.44 0.10 0.04 
P-value 0.11 0.19 0.25 0.47 0.64 0.67 0.24 
        
Interaction Effects of Breeder and Offspring 
Diet 
       
Breeder diet 1 x Offspring 0% FORPLUS™ 54.5 8.15 270 8.36 342 38.5 17.4 
Breeder diet 1 x Offspring 1% FORPLUS™ 54.0 8.73 284 8.70 363 38.8 17.5 
Breeder diet 2 x Offspring 0% FORPLUS™ 55.6 7.68 273 8.03 373 38.6 17.4 
Breeder diet 2 x Offspring 1% FORPLUS™ 54.0 7.75 290 8.13 358 38.6 17.4 
Breeder diet 3 x Offspring 0% FORPLUS™ 55.4 7.42 248 8.77 358 38.9 17.5 
Breeder diet 3 x Offspring 1% FORPLUS™ 55.3 8.23 255 8.50 350 38.3 17.2 
Breeder diet 4 x Offspring 0% FORPLUS™ 55.1 7.57 253 8.61 374 38.6 17.4 
Breeder diet 4 x Offspring 1% FORPLUS™ 54.8 7.55 269 7.64 361 38.6 17.3 
SEM  0.55 0.39 16.7 0.40 11.5 0.17 0.08 
P-value 0.49 0.65 0.99 0.36 0.30 0.06 0.08 
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CHAPTER 8. Summary and Conclusions 
The effects of dietary n-3 PUFA supplementation with microalgae (0% or 2% 
FORPLUS™) and Zn source (inorganic: ZnO or organic: Bioplex® Zn) on broiler breeder 
pullet growth and bone quality, broiler breeder reproduction, and offspring skeletal 
development, growth and bone quality were evaluated.  Broiler breeder offspring were 
studied at three different time points during breeder reproduction to understand the impact 
of breeder diet alone on offspring growth performance as well as the combined effects of 
breeder diet and offspring diet on offspring early growth performance and bone quality.  
Dietary microalgae supplementation level and Zn source were found to alter broiler 
breeder pullet development as reported in Chapter 2.  Most changes observed due to broiler 
breeder diet were not due to interaction of the two dietary factors, but as an effect of either 
dietary microalgae level or Zn source alone.   From placement as one-day old pullets to 
three weeks of age, broiler breeder pullets were provided ad libitum access to diets with 
0% or 2% microalgae and supplemental inorganic or organic Zn.  Growth and development 
are important during the first several weeks of a broiler breeder’s life because it sets the 
foundation for frame size and uniformity later on in life (Cobb-Vantress, 2012).  It is also 
important to control pullet BW during rearing because BW is associated with reproductive 
performance (Kleyn, 2013).  Current industry management practices involve feeding 
pullets to achieve target BW at specific ages.  Pullets fed diets with 2% microalgae had 
greater femur quality although growth performance was reduced compared to pullets fed 
diets without microalgae.  All broiler breeder pullets were above the recommended BW 
target for their age regardless of microalgae supplementation, although the pullets fed diets 
with microalgae were closer to the optimal BW for their age compared to pullets not fed 
microalgae.  The microalgae used in this study provided a source of docosahexaenoic acid 
(DHA) and DHA is critical for bone modelling in young animals (Watkins et al., 2003; Li 
et al., 2010; Ahn et al., 2016).  The first 6 weeks of pullet rearing is especially important 
for skeletal development (Kleyn, 2013).  Microalgae supplementation promoted femur 
development in broiler breeder pullets early in life instead of BW accumulation which may 
translate to a more stable frame and easier management of pullet BW.      
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When broiler breeder pullets reached 3 weeks of age, they were no longer provided 
ad libitum access to their diets.  A daily, restricted feeding regimen was implemented to 
control pullet growth (BW).  During restricted feeding at 6 and 16 wk of age, pullet bone 
breaking strength and bone ash mineral content was altered by microalgae and Zn source 
supplementation.  Specifically, 2% microalgae supplementation reduced tibia breaking 
strength and Zn content at 6 weeks of age, while organic Zn reduced femur breaking 
strength and Cu content at 16 weeks of age.  Other studies have reported that dietary n-3 
PUFA (Lukaski et al., 2001; Chow, 2007) and trace mineral antagonisms (Hamilton et al., 
1979; Sun et al., 2012) can alter trace mineral absorption and metabolism.  The difference 
in pullet feeding management from ad libitum to restricted feeding may have also 
contributed to pullet leg bone quality, as nutrient intake was limited to control pullet 
growth.  More research is needed to assess the effects of dietary lipids and trace mineral 
nutrition on pullet leg bone development and health during restricted feeding.              
When pullets reached the pre-lay phase (19-20 weeks of age), microalgae 
supplementation and organic Zn source had separate, positive effects on pullet BW.  During 
the pre-lay phase an acceleration of pullet BW is expected to prepare egg production 
(Cobb-Vantress, 2012).  Pullets fed diets with 2% microalgae had increased BW at 19 and 
20 weeks of age compared to pullets fed diets without microalgae.  The same observations 
were made for pullets fed organic Zn vs inorganic Zn.  A study conducted by Robinson et 
al. (1995) found that pullet BW at 20 weeks old can determine reproductive performance 
later on in life, such that lighter pullets were more likely to produce more broken eggs, 
have lower fertility, and have a lower number of chicks produced per hen.   
Uniformity must be monitored when feed is restricted to ensure that the pullet flock 
will reach sexual maturity at the same time and have uniform egg production (Cobb-
Vantress, 2012).  Overweight broiler breeders are known to have greater reproductive 
dysfunction (Leeson and Summers, 2010) that results in reduced egg production (Chen et 
al., 2006), while underweight broiler breeders may not have sufficient energy and nutrient 
reserves to sustain steady egg production which also results in reduced reproductive 
performance (Robinson et al., 1995; Leeson and Summers, 2010).  Therefore, broiler 
breeder pullet uniformity is of utmost importance and a high priority for producers (Kleyn, 
2013).  Organic Zn compared to inorganic Zn in pullet diets resulted in better BW 
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uniformity throughout the pullet rearing phase (3-20 weeks of age) which may translate to 
better reproductive performance later in life. 
In Chapter 3, the effects of microalgae and Zn source supplementation in broiler 
breeder diets on egg quality, hen day production, fertility, and hatchability of offspring 
were investigated.  Most of these reproduction variables were affected by microalgae level 
and Zn source alone and not in combination.  The broiler breeder reproductive period can 
be divided into two phases, peak lay or post-peak lay based on ovulation patterns (Leeson 
and Summers, 2010).  For this study, peak lay represented a time period from the onset of 
lay to a high and steady rate of egg production.  The decline in ovulation after peak lay due 
to broiler breeder aging is referred to as post-peak lay.     
Throughout peak and post-peak lay, broiler breeders that were fed diets with 2% 
microalgae produced smaller eggs with greater eggshell percentage.  The reduced egg size 
was most likely a consequence of reduced yolk weight due to microalgae supplementation.  
During ovulation broiler breeders release a follicle composed of yolk into the oviduct 
where albumen and the shell is added to form an egg.  The yolk accounts for approximately 
30% of the egg weight (Noble and Cocchi, 1990) and this value is fairly consistent despite 
any differences in egg size.  Increased dietary n-3 PUFA has been cited to interfere with 
the liver production of very low density lipid proteins (Vance and Vance, 1990), which are 
transferred to the ovary and become a major component of follicle yolk (Noble and Cocchi, 
1990; Speake et al., 1998).  It is possible microalgae supplementation decreased liver lipid 
synthesis need for yolk formation.  The eggshell is composed of 96% calcium carbonate 
(Nys et al., 2004).  Part of the calcium needed to form the eggshell comes from the diet and 
part of it is mobilized from femurs and tibias as a result of bone resorption (Leeson and 
Summers, 2001).  Previous research suggests that n-3 PUFA, including DHA, can enhance 
Ca absorption, bioavailability and increase Ca content of bones (Claassen et al., 1995; 
Kruger and Horrobin, 1997; Liu et al., 2003).  Perhaps the increase in eggshell percentage 
throughout lay was the result of improved Ca absorption and/or metabolism due to 
microalgae supplementation. 
Microalgae supplementation in broiler breeder diets did not impact hen day 
production throughout lay, whereas inorganic Zn improved hen day production during 
post-peak lay.  However, the effect of inorganic Zn on hen day production may be 
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confounded by the high amount of Ca present in the breeder diets supplemented with 
inorganic Zn compared to breeder diets supplemented with organic Zn.  Fertility and 
hatchability were not affected by microalgae supplementation or Zn source during peak 
lay.  During post-peak lay microalgae supplementation and organic Zn source improved 
offspring hatchability.  Hatchability improvements coincided with reduced percentage of 
chicks that did not pip, indicating either microalgae or organic Zn may have reduced late 
embryonic mortality during post-peak lay.  For breeders fed diets with 2% microalgae, it 
is unclear why hatchability increased. Although, organic Zn source was previously cited to 
improve hatchability in breeders (Hudson et al., 2004; El-Samee et al., 2012) the 
mechanism of this phenomenon is poorly understood and requires more investigation.      
The effects of broiler breeder dietary microalgae supplementation and Zn source 
on offspring skeletal leg development at hatch was evaluated in Chapter 4.  Skeletal leg 
morphology, growth plate morphology, and bone-specific alkaline phosphatase 
measurements were obtained in 3 different offspring groups.  The three offspring groups 
were hatched at 3 different time points during the broiler breeder laying phase in roughly 
ten-week intervals; 19-20 weeks of lay (peak lay), 30-31 weeks of lay (post-peak lay), and 
41-43 weeks of lay (post-peak lay).   
During embryonic growth, the offspring’s sole nutrient source comes from the 
nutrients deposited into the egg yolk, albumin, shell membrane and shell by the broiler hen 
(Romanoff and Romanoff, 1967; Richards, 1997; Yair and Uni, 2011).  Broiler breeder 
diet had a direct influence on offspring skeletal development during embryonic growth.  
The offspring group from 19-20 weeks of lay benefited the most from broiler dietary 
supplementation of organic Zn.  These offspring had increased leg bone dimensions such 
as greater tibia length and femur epiphysis width due to organic Zn in the breeder diet.  
Bone size and shape are established during ontogeny and its structure can influence bone 
strength (Hart et al., 2017).  This group of offspring also had greater bone formation as 
indicated by elevated bone-specific alkaline phosphatase activity in their serum.  
Furthermore, femur growth plate morphology was altered such that the proliferative and 
hypertrophic chondrocyte zones were greater.  Among other factors, growth plate 
chondrocyte proliferation and hypertrophy greatly impacts long bone elongation (Pines and 
Hurwitz, 1991; Villemure and Stokes, 2009).  Similar to the first offspring group (from 19-
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20 weeks of lay), the second offspring group from 30-31 weeks of lay had greater tibia 
dimensions such as length and diaphysis width due to organic Zn in the breeder diet.  This 
group also had greater femur growth plate hypertrophic zone height.  However, as the 
broiler breeders neared the end of lay, the skeletal development of the last group of 
offspring from 41-43 weeks of lay only exhibited increased tibia growth plate hypertrophic 
zone height indicating the effect of Zn source may eventually diminish with breeder age.  
Microalgae supplementation in the breeder diet altered offspring femur structure by 
increasing proximal and distal epiphysis width in the first offspring group from 19-20 
weeks of lay.  In the second offspring group from 30-31 weeks of lay, tibia length and 
diaphysis width were increased by the combination of 2% microalgae and inorganic Zn in 
the breeder diet.  The last offspring group had reduced femur diaphysis and distal epiphysis 
widths due to microalgae supplementation in the breeder diet, but this may be explained 
by decreased chick size that was also observed in this offspring group (chapter 7 results).   
In chapter 5 the effect of microalgae supplementation and Zn source in broiler 
breeder diets on offspring early growth performance and leg bone quality 3 weeks after 
hatch was evaluated.  Microalgae supplementation in breeder diets reduced offspring hatch 
weight.  The reduced offspring hatch weight corresponds to reduced egg size by 2% 
microalgae in breeder diets that was observed in chapter 3.  Despite a reduction in offspring 
hatch weight, 2% microalgae in the breeder diet did not affect offspring growth 
performance through 3 weeks of age.  However, microalgae supplementation in breeder 
diets increased offspring femur length when they were 3 weeks old.  Results from a 
previous study determined that the femur is sensitive to changes in dietary n-3 PUFA (Li 
et al., 2010).  These results from this study show that broiler offspring femur are sensitive 
to n-3 PUFA in parent breeder diets.  Broiler breeder dietary Zn source did not affect 
offspring hatch weight or early growth performance but did impact offspring skeletal 
morphology up to 3 weeks of age.  Offspring from breeders fed organic Zn had increased 
proximal tibia epiphyseal width and Zn content.  In Chapter 4, both organic Zn and 
microalgae in breeder diets improved skeletal leg morphology of this offspring group at 
hatch.  It appears that the positive effects of 2% microalgae and organic Zn in breeder diets 
on offspring skeletal morphology persisted up to 3 weeks after hatch. 
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In Chapter 6 the interaction of broiler breeder diet and offspring dietary Zn source 
on offspring early growth performance and leg bone quality 3 weeks after hatch was 
evaluated.  Similar to results found in chapter 5, 2% microalgae supplementation in breeder 
diets reduced chick hatch weight.  In addition, 2% microalgae in breeder diets negatively 
affected offspring growth performance up to 3 weeks post-hatch.  Offspring leg bone 
quality remained unchanged due to breeder diet.  In contrast, organic Zn supplementation 
in the offspring diet was found to increase body weight, tibia diaphysis width, and tibia 
diaphysis circumference at 3 weeks of age.  Therefore, this group of offspring did not 
benefit from microalgae or Zn source in the breeder diet, but from organic Zn 
supplementation in their diets instead.  
The interaction effect of broiler breeder diet offspring microalgae supplementation 
on offspring early growth performance and leg bone quality 3 weeks after hatch was 
assessed in Chapter 7.  As was observed in chapters 5 and 6, breeders fed diets 
supplemented with 2% microalgae produced offspring with reduced chick hatch weight.  It 
is very likely that reduced chick hatch weight is correlated to egg size results shown in 
chapter 3.  Regarding offspring early growth performance, results from chapter 6 were 
replicated in chapter 7 - supplemental microalgae in the breeder diets reduced offspring 
growth performance through 3 weeks of age.  These findings indicate that microalgae in 
breeder diets, particularly during post-peak lay, can have lasting negative effects on 
offspring hatch weight and early growth performance.  Offspring provided supplemental 
microalgae in their diet exhibited poorer feed conversion 3 weeks after hatch compared to 
offspring that were not provided dietary microalgae.  These results show that microalgae 
in the breeder or offspring diet had a negative effect on offspring early growth performance. 
For this study offspring bone quality was not significantly altered by breeder diet, offspring 
diet, or a combination of both diets.  The offspring in chapter 7 were produced late in the 
broiler breeder post-peak lay phase.  In chapter 4, skeletal development of offspring 
produced late in the breeder laying phase was minimally impacted by breeder diet.  It is 
possible that the effect of microalgae and Zn source supplementation in breeder diets on 
offspring skeletal development and bone quality declines with breeder age.            
Overall, the results from studies show that 2% microalgae in broiler breeder diets 
improved broiler breeder pullet leg development during ad libitum feeding, pullet pre-lay 
173 
 
BW during restricted feeding, and breeder offspring hatchability during post-peak lay.  
However, microalgae in broiler breeder diets negatively affected egg size, offspring hatch 
weight, and offspring early growth performance.  Organic Zn in broiler breeder diets 
improved pullet uniformity during restricted feeding, pullet pre-lay BW during restricted 
feeding, breeder offspring hatchability during post-peak lay, embryonic skeletal 
development of offspring, and offspring bone quality.  Organic Zn in offspring diets 
improved offspring early growth performance and leg bone morphology.  In conclusion, 
long-term microalgae supplementation has limited application in broiler breeder diets, 
whereas organic Zn is beneficial for broiler breeder pullet development, broiler breeder 
reproduction, and offspring skeletal development.  
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